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1 INTRODUCTION 
 
 
The increasing demand for esthetic restorations over the last 
few years has been associated to the imperative concepts of 
conservative intervention as the cause for the meaningful 
development of restorative dentistry. The adhesion to dental 
substrates enables minimally invasive procedures and conservative 
restorations, with effective and lasting sealing of hard dental tissues.  
Bonding to vital and humid substrate such as dentin has 
presented limitations, since the mineral phase of the substrate must 
be completely or partially removed and replaced by an adhesive, 
which must permeate the collagen-rich superficial layer and, after 
polymerization, form the hybrid layer. As a result, different adhesive 
systems with peculiar bonding strategies have been introduced in an 
attempt to overcome these obstacles. 
Parallel to the development of dental materials, the minimally 
invasive concepts have revolutionized the approach of dental caries 
with new techniques that ensure selective removal of dental caries 
with preservation of healthy dental structure. In this context, laser 
ablation of hard tissue has attracted several investigators, since it is 
considered to be safe, reduce pain, and provide a more comfortable 
treatment to patients by significantly decreasing noise and vibrations. 
The adequate interaction of lasers with dental hard tissue may 
result in efficient and safe removal of compromised structure, and 
this condition is achieved when thermal and mechanical damages and 
final surface characteristics are strictly taken into account.  
The Er:YAG and Er,Cr:YSGG lasers have been widely studied 
due to their affinity to dental hard tissues, and are currently the most 
used laser sources for caries removal in dental practice. In enamel, 
ablation produces microporosities, which can create a microretentive 
pattern that favors the performance of adhesive restorations. In 
dentin, microscopic analyses of irradiated surfaces have shown a 
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rough substrate, without the presence of smear layer, with open 
dentinal tubules and prominent peritubular dentin. Alterations in the 
mineral and organic content have been related, and probably play an 
important role in the process of bond to enamel and dentin. 
Moreover, some authors suggest that the thermomechanical effects 
produced by irradiation with erbium lasers could be extended to the 
adjacent subsuperficial dentin, denaturing the collagen fibrils and, 
consequently, harming the micromechanical retention produced by 
infiltration of the adhesive system into this exposed fibril network. 
A considerable number of studies in the literature investigated 
the quality of adhesion to hard dental tissues irradiated with erbium 
lasers with microsecond pulse duration, and the results have shown 
to be conflicting when compared to substrates treated by the 
conventional cavity preparation techniques with rotary instruments.  
Recently, the influence of pulse duration on the ablation 
process have been increasingly investigated, and this fact results 
from development of high-technology laser devices that allow the 
selection of pulse duration in the range of microseconds (1 µs = 
0,000001 s), nanoseconds (1 ns = 0,000000001 s), and lately, 
picoseconds (1 ps = 1.10-12 s) and femtoseconds (1 fs = 1.10-15 s), 
the so-called ultra-short pulsed lasers. These sources include different 
wavelengths in ultraviolet, visible and infrared areas of the 
electromagnetic spectrum.  
High power pulses with pulse duration shorter than the thermal 
relaxation time are indicated to avoid thermal denaturation of tissues 
adjacent to irradiated surfaces. Longer pulse durations are thought to 
be responsible for inducing damage and thermomechanical stress to 
tissue, since they allow thermal energy to accumulate and to 
penetrate deeply.  
Studies regarding the influence of pulse duration in the ablation 
process have indicated that not only the energy for ablation threshold 
decreases, but the improvement of the ablation process is also 
observed due to the quick vaporization of irradiated tissue. It has 
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been observed that in this case, reduced residual thermal damage is 
induced because of the minimization of heat diffusion.  
There are few studies in the literature that assess the use of 
ultra-short pulsed lasers for the ablation of dental hard tissues, and 
there is still much to be elucidated for this technology to become a 
clinical reality. Based on the above mentioned, it has become 
important to assess the suitability of ultra-short pulsed lasers in 
dentistry by evaluating fundamental aspects of laser interaction with 
dental substrate, such as alteration of surface morphology, 
temperature increase and ability to cavities preparation. Likewise, 
assessment of clinical aspects involved in the introduction of this new 
technique is also required, and include the characteristics of 
composite resin adhesion to irradiated substrate and adhesive 
protocols to be adopted when bonding to the peculiar substrate 
surfaces. Finally, the combination of all fundamental and clinical 
aspects has to be determined in a manner of bringing together 
innovative techniques and reliable restorative treatment. 
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2 REVIEW OF THE LITERATURE 
 
 
The modern dentistry and its minimally invasive concepts are 
supported by the development of innovative materials and advanced 
techniques. The conservative intervention targets reliable sealing of 
prepared cavity and preservation of healthy dental structures, and 
results from the association of adhesive materials to selective caries 
removal. 
For a better understanding of the interaction dynamics 
between adhesive materials and restorative techniques, the review of 
the literature will be divided in three topics. The first topic aims to 
elucidate the adhesion to dental substrates, as well as the 
characteristics of the adhesive systems available for this purpose. 
This topic will be followed by the approach of selective caries removal 
with high power lasers and the state of art regarding laser sources 
and adhesion to irradiated substrates, with emphasis in irradiated 
dentin. The last topic will introduce the characteristics and 
applications of ultra-short pulsed lasers, and the studies available in 
the literature regarding their use in dental hard tissue. 
 
 
2.1 Adhesion to enamel and dentin 
 
 
The restorative dentistry has progressed exponentially in last 
decades, and this process has been boosted by the increasing request 
for esthetics in the daily practice of Dentistry, associated with 
innumerous restorative and adhesive materials that are daily 
introduced. Not only materials have advanced, but the dentistry itself 
has evolved due to changes in restorative concepts that directed that 
dentistry of “extension to prevention” to the current of minimally 
invasive interventions.   
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The principles of adhesive dentistry were introduced by 
Buonocore (Buonocore 1955), when the author conditioned dental 
enamel with phosphoric acid and obtained increased bond of acrylic 
resin to this substrate. This procedure was based on the industrial 
technique of metal conditioning with phosphoric acid for better 
adhesion of paint and acrylic materials.  
After this, successive attempts to efficiently bond resin-based 
materials to dentin failed due to limitations of restorative materials, 
which were easily disrupted in water, as well as lack of knowledge 
regarding specific characteristics of dentinal complex structure 
(Brudevold et al. 1956; Buonocore 1963; Bowen 1965). 
In opposition to dentin, dental enamel has always presented 
efficient adhesion to resin-based materials. This adhesion to acid-
etched enamel and the mechanism by which it occurs was first 
described by Gwinnett and Matsui (Gwinnett & Matsui 1967), and was 
attributed to the formation of resin tags, which were capable of 
penetrating in the microporosities of etched surface and providing 
micromechanical retention. This theory was confirmed by Buonocore 
(Buonocore et al. 1968), and is well-accepted until today. 
Important improvements were followed in adhesive systems 
by including bisphenol-A glycidyl methacrylate (bis-GMA) and 
hydroxyethyl methacrylate (HEMA) to their composition (1987). 
However, satisfactory outcomes in dentin substrate were first 
observed in the late 1970’s, when Fusayama et al. (Fusayama et al. 
1979) proposed the simultaneous conditioning of enamel and dentin 
with phosphoric acid 40% for 60 seconds, and introduced a new 
adhesive system (Clearfil Bond System–F, Kuraray Co., Osaka, 
Japan), which provided tensile values of 10.9 MPa and 6.1 MPa for 
enamel and dentin, respectively. At that time, acid etching of dentin 
was avoided by clinicians, since it was believed to cause pulp 
irritation and favor the penetration of bacterial or chemical irritants 
through the dentinal tubules (Vojinovic et al. 1973; Stanley et al. 
1975). This topic was contested by the authors, which defended the 
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safe conditioning of dentin with acid by mentioning the study of 
Jennings and Ranly (Jennings & Ranly 1972). Despite the higher bond 
values achieved, the technique proposed by Fusayama et al. caused 
an over-etching of dentinal surface due to prolonged action of 
phosphoric acid. Likewise, the collapse of collagen fibrils by drying 
etched dentin with air avoided the proper penetration of adhesive 
through collagen matrix (Kugel & Ferrari 2000).  
This adhesion mechanism to dentin was first described by 
Nakabayashi, Kojima and Masuhara (Nakabayashi et al. 1982), who 
observed the bond permeation through the dentin collagen network 
previously exposed by acid etching. The authors called this 
intermediate area “hybrid layer”, and this term is used until now 
when referring to bonding of resin to etched dentin.     
The mechanism of mechanical interlocking between adhesives 
and microporosities of etched enamel is well-established, as opposed 
to the still unconvinced adhesion to etched dentin. Uncountable 
studies were conducted with the aim of evaluating the structure and 
the formation of the hybrid layer, and innumerous adhesive systems 
were developed in an attempt to overcome the barriers imposed by 
the complexity and peculiarity of the dentinal substrate.  
The predictable outcomes obtained for dental enamel are 
related to their highly mineralized crystalline structure, which is easily 
conditioned by acid etching without having the technique sensitivity 
of dentin. Human dental enamel is composed by hydroxyapatite 
inorganic crystals (96%), water (3%), and organic matrix (1%). In 
contrast with enamel, human dentin presents a higher content of 
organic matrix (30%), as well as water (20%) and hydroxyapatite 
crystals (50%) (Marshall 1993).  
The dentinal substrate presents dentinal tubules surrounded 
by a higher peritubular mineralized area and filled with dentinal fluid, 
which are distributed in an intertubular matrix of apatite crystals 
immersed in type 1 collagen (Marshall 1993).  
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When submitted to acid etching, the mineralized portion of the 
dentinal structure is removed, resulting in the exposal of the collagen 
network. This network conformation is maintained by the presence of 
water, which is subsequently replaced by hydrophilic adhesive 
primers, and polymerized to form the hybrid layer (Gwinnett 1993; 
Kanca 1996). When water is removed by drying etched dentin before 
the application of the adhesive, this collagen fibril scaffold looses 
support and collapse, avoiding the formation of the hybrid layer 
(Gwinnett 1994). Adhesive are therefore supposed to be applied on 
moist conditioned dentin, according to the “wet bonding” technique 
introduced by Kanca III in 1992 (Kanca 1992). However, excessively 
wet or dried dentin results in compromised bonds, and this ideal 
moist condition is hardly defined clinically. This fact is one of the main 
reasons for which bonding to dentin is considered until now critical 
and technique sensitive (Nakabayashi & Pashley 1998; Van Meerbeek 
et al. 2005).  
Further aspects of the dentinal substrate have to be taken into 
account when discussing adhesion, such as the morphologic 
variability in its different localities. The quantity and diameter of 
dentinal tubules increase the near it gets to the dental pulp. In 
deeper dentinal areas, dentinal tubules represent 28% of its total 
area, with a quantity of 45,000/mm2 and approximately 2.5-µm 
diameter (Garberoglio & Brannstrom 1976). These characteristics are 
so distinctive, that the performance of a same adhesive system varies 
within different areas of the same dentinal substrate (Shimada & 
Tagami 2003). In addition, the production of smear layer as a result 
of dentin instrumentation and its deposition on dentinal surface is 
also thought to damage adhesion, as it obliterates dentinal tubules 
and significantly reduce permeability (Pashley et al. 1978).  
As a consequence of the constant development of dentin 
bonding agents, various classifications were proposed in the last 10 
years, such as adhesives generations (Kugel & Ferrari 2000) and 
number of application steps (Tyas & Burrow 2004). The classification 
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of adhesive systems according to their bond strategy seems to 
provide a clear overview and better elucidate their peculiarities 
(Peumans et al. 2005). The adhesion strategy of the modern 
adhesives are divided into two main mechanisms (Van Meerbeek et 
al. 2003).  
The etch-and-rinse systems consist in the initial etching of 
dentin and enamel with phosphoric acid 30-40% for 15 to 20 
seconds, followed by its removal with air-water spray. This system 
can be presented in both the conventional three-step application and 
the simplified two-step technique. In the conventional three-step 
adhesives, the removal of the phosphoric acid is followed by the 
application of a hydrophilic primer on moist dentin, and then by the 
application of the hydrophobic bond resin. This technique is, until 
now, the most reliable for stable bonding to enamel (Peumans et al. 
2005). The simplified two-step etch-and-rinse systems are also 
preceded by acid etching and rinsing, and combine primer and bond 
in the same application, being frequently referred to as “one-bottle” 
etch-and-rinse adhesives (Van Meerbeek et al. 2003; De Munck et al. 
2005).  
The need of rinsing in etch-and-rinse systems is responsible 
for their technique-sensitivity, since the dentinal substrate must be 
moist during adhesive procedures, as previously mentioned. 
Excessive dried dentin may result in the collapse of the fibrils scaffold 
exposed by acid, and therefore, adhesive monomers do not permeate 
etched dentin completely, leaving non-hybridized areas that result in 
low bond strength values (Tay et al. 2005). 
The second main adhesive group is that of self-etch systems. 
These adhesives contain non-rinse acidic monomers that are directly 
applied on unetched dental surface, and exclude the step of previous 
conditioning with phosphoric acid (Van Meerbeek et al. 2003). These 
monomers etch and infiltrate dentin simultaneously, and without 
rinsing, the separate solvent-free bond agent is subsequently applied. 
This two-step technique reduces the duration and the sensitivity of 
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adhesive procedures, since the washing out of the acidic gel and the 
risk of collagen collapse is eliminated. Thus, all etched dentin is later 
hybridized (De Munck et al. 2005). In one-step self-etch procedures, 
the non-rinse acidic monomers and the bond agent may come in a 
single bottle (1 component), or may be mixed and simultaneously 
applied on dental substrate (2 components) (Van Meerbeek et al. 
2003). The latter is believed to provide a less effective conditioning of 
enamel substrates; in fact, early studies aiming at evaluating its 
effectiveness present controversial and inconsistent outcomes 
(Brackett et al. 2002; Burrow & Tyas 2003). 
Self-etch adhesives may also be subdivided according to the 
strength of the acidic monomers, since distinct bond mechanisms are 
related to their etching capacity. Strong self-etch monomers (pH <1) 
present a bonding mechanism and interface ultra-morphology similar 
to that observed for etch-and-rinse adhesives. Despite being strong, 
self-etching primers are directly neutralized after polymerization 
(Hume 1994). Mild self-etch adhesives (pH ±2) are only capable of 
partially demineralizing dentinal structure (about 1 µm deep), which 
remains with a significant amount of hydroxyapatite (Pashley & Tay 
2001; Tay & Pashley 2001). Therefore, adhesion is achieved by both 
surface hybridization and chemical interaction between carboxyl/ 
phosphate groups of functional monomers and residual 
hydroxyapatite (Yoshida et al. 2004).  
The inclusion of an ultra-mild self-etch adhesive category was 
suggested by Peumans et al. (Peumans et al. 2006), who observed 
the absence of an authentic dentin hybridization when using the 
Clearfil S3 Bond (Kuraray Co.) with pH 2.7 on surfaces presenting a 
thick smear layer.  When smear layer was previously removed, the 
adhesive interacted minimally with dentin, forming what the authors 
called nanohybrid layer. 
Independently from adhesion strategy adopted, hybridization 
of etched dentin is indispensable for an effective and reliable 
adhesion to resin (Swift et al. 1995; Tyas & Burrow 2004). In 
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addition to this, the formation of resin tags and adhesive lateral 
branches optimize bonding by sealing tubules openings tightly (Titley 
et al. 1995). Detailed descriptions of the hybrid layer indicate that its 
thickness vary according to dental adhesive system used, and ranges 
from approximately 1 μm (self-etching systems) to up to 5 μm (etch-
and-rinse systems) (Van Meerbeek et al. 1992; Harnirattisai et al. 
1993; Van Meerbeek et al. 1993; Sakoolnamarka et al. 2002). The 
thinner hybrid layer obtained with self-etch adhesives have 
demonstrated higher bond strength than other systems that form 
thicker hybrid layer, thus excluding the possibility of relating bond 
strength to hybridization thickness (Watanabe et al. 1994).  
The clinical effectiveness of the contemporary adhesive 
systems was studied by Peumans et al. (Peumans et al. 2005), who 
conducted a systematic review of the literature regarding bonding 
performance in non-carious class-V adhesive restorations. The study 
indicated that both three-step etch-and-rinse adhesives and two-step 
self-etch adhesives presented the most reliable and predictably 
favorable clinical outcomes, with average annual failure rates of 4.8% 
and 4.7%, respectively. Two-step etch-and-rinse adhesives presented 
less favorable clinical effectiveness, with average annual failure rate 
of 6.2%, followed by an inefficient clinical performance of one-step 
self-etch adhesives, which achieved an annual failure rate of 8.1%. 
The authors emphasize that the tendency of simplifying the 
application procedures of adhesives have induced a clinical loss of 
effectiveness.   
 
 
2.2 Selective caries removal with high power lasers 
 
 
Together with the improvement of dental materials and 
restorative strategies, the evolution of the restorative dentistry was 
also supported by the association of advanced technology to well-
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established conventional concepts. The introduction of new 
techniques for caries removal and surface conditioning associates 
minimally invasive procedures to more comfortable interventions and 
advanced esthetic outcomes (Tyas et al. 2000). These techniques 
include airborne abrasion with aluminum oxide, sono-abrasion, and 
high power lasers. 
The use of high power lasers in Dentistry has been studied 
since the development of the first ruby laser by Theodore Maiman in 
1960 (Maiman 1960). Preliminary studies were conducted in dental 
hard tissues with the aim of possibly substituting the conventional 
high speed handpiece for caries removal. Stern and Sognnaes (1964) 
were one of the firsts to observe the alterations on dental substrates 
induced by laser irradiation. The enamel surface presented melted 
and glassy areas, whereas dentinal surfaces presented delimited 
cavities and intense carbonization. The influence of laser parameters 
and irradiation conditions on the interaction between light and target 
tissues was already described at this time, when the authors 
mentioned the importance of selecting energy density, time of 
irradiation, and beam area.  
Other studies were carried out at the same period to evaluate 
the effect of ruby laser on dental hard tissues; however, unfavorable 
outcomes were obtained due to the excessive increase of 
temperature achieved during laser irradiation (Goldman et al. 1964; 
Goldman et al. 1965; Kinersly et al. 1965; Gordon 1966). This 
temperature increase was also responsible for causing degenerative 
alterations on hamsters’ dental pulp, as demonstrated by Taylor, 
Shklar and Roeber (1965). The same disappointing results were 
observed when the ruby laser was used for cavities preparation in 
dogs in vivo. The energy density needed to produce alterations on 
dental enamel was already sufficient to cause irreversible alterations 
in pulp, indicating that laser was inappropriate for caries removal 
(Adrian et al. 1971). 
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It was not until the end of the 1980’s, when Hibst and Keller 
(Hibst & Keller 1989)  described the use of Er:YAG laser in dental 
hard tissues, that high power lasers for dental ablation presented 
favorable and promising results. Since then, advances in this 
technology have introduced new sources with different wavelengths, 
enabling them to be used safely and precisely for cavity preparation 
and carious tissue removal (Hibst & Keller 1989; Keller & Hibst 1989; 
Bader & Krejci 2006). 
The Er:YAG laser emits photons at 2.94 µm, which coincides 
with the absorption peaks of water and hydroxyapatite, and leads to 
the efficient ablation of dental hard tissue with minimal effects on 
adjacent tissues (Hibst & Keller 1989; Armengol et al. 1999; Hossain 
et al. 1999; Ceballo et al. 2002; Lee et al. 2007). When laser energy 
is absorbed by water present in the target tissue, it is immediately 
transformed in heat, causing sudden heat-up of water and 
evaporation. The pressure increase from water evaporation leads to 
micro-explosion and ejection of irradiated tissue. The so-called 
“photoablation” is a thermomechanical process and is responsible for 
dental tissue removal and surface conditioning (Hibst & Keller 1989; 
Keller & Hibst 1989; Altshuler et al. 2001; Bader & Krejci 2006).  
Since the water content of the target tissue has an influence on 
the ablation process, carious structures are easily removed when 
compared to healthy ones, as their increased water content results in 
improved energy absorption (Li et al. 1992; Gimble et al. 1995). This 
selectivity to carious tissues is one of the various advantages 
regarding the use of erbium lasers in Dentistry. They also include less 
vibration or pain during caries removal and microbial reduction of 
remnant dental structures (Keller & Hibst 1989; Cozean et al. 1997; 
Dostalova et al. 1998; Keller et al. 1998; Gouw-Soares et al. 2000; 
Tyas et al. 2000). 
In order to reduce adverse thermal effects that may take place 
in dental ablation, a cooling system is frequently used during laser 
irradiation. The most common system is the air-water spray, which is 
13 
 
already present in the erbium lasers commercially available for 
clinical use (Ceballo et al. 2002; Carvalho et al. 2005; Dunn et al. 
2005). It has been demonstrated that Er:YAG laser irradiation 
without cooling is capable of inducing pulp temperature increase up 
to 27 ºC (Burkes et al. 1992), whereas the concomitant use of air-
water spray increases temperature up to 2.2 ºC only (Hoke et al. 
1990). These studies indicate that Er:YAG laser irradiation with air-
water spray leads to higher ablation effectiveness and lower 
temperature increase, and its use for cavities preparation does not 
exert harmful effects on pulp, since temperature remains below 5.6 
ºC. The maximum temperature increase tolerated by dental pulp is 
5.6 ºC, according an in vivo study conducted by Zach and Cohen 
(Zach & Cohen 1965). Higher temperature induces irreversible 
damage and compromises pulp vitality. 
Similarly to the Er:YAG laser, the Er,Cr:YSGG laser emits 
photons at 2.78 µm, and is effectively absorbed by water and 
hydroxyl ions (OH-) of hydroxyapatite (Eversole & Rizoiu 1995). Thus, 
dental hard tissues are also efficiently ablated without thermal 
damage of adjacent structures (Hossain et al. 1999; Hadley et al. 
2000; Matsumoto et al. 2002). The ablation process that results from 
irradiation with Er,Cr:YSGG laser is improved by the hydrokinetic 
system, in which the water from cooling systems forms a thin pellicle 
on the dental surface, and when it absorbs the laser energy, its 
explosion causes an intense impact on the irradiated surface, leading 
to its ablation (Hadley et al. 2000). 
The influence of the use of water spray concomitantly to laser 
irradiation with Er,Cr:YSGG laser has been previously studied in vitro 
and in vivo, and demonstrated that not only the ablation efficiency is 
improved, but melting and carbonization of irradiated substrates are 
avoided even when high output power is used (Hossain et al. 1999). 
Additionally, no thermal damages to pulp or adjacent tissues are 
observed, and the surface morphology produced is similar to that of 
Er:YAG laser (Hossain et al. 2003). 
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Irradiation of dental enamel with erbium lasers produces a 
morphological pattern resultant from the ablation process. The 
surface topography presents micro-porosities that provide micro-
retention of adhesive restoration to dental substrate (Yu et al. 2000; 
Bader & Krejci 2006).  
Dentinal surfaces irradiated with Er:YAG and Er,Cr:YSGG lasers 
present a rough topography, freed from melting and carbonization, 
with opened dentinal tubules, absence of smear layer, and prominent 
peritubular dentin, due to the higher organic content of the 
intertubular dentin and its intense ablation (Keller & Hibst 1989; Li et 
al. 1992; Aoki et al. 1998; Rizoiu et al. 1998; Hossain et al. 1999; De 
Munck et al. 2002; Kinoshita et al. 2003). It is believed that the 
Er:YAG laser opens dentinal tubules especially by interacting with the 
organic material present inside the tubules. This process is thought to 
happen before laser can interact with the peri and intertubular dentin. 
Thus, dentinal tubules are firstly emptied, than followed by the 
ablation of their structural dentin (Ceballo et al. 2002; Ishizaka et al. 
2002). Microfissures and microfragments have also been observed on 
irradiated surfaces (Aoki et al. 1998; De Munck et al. 2002). 
The effects of erbium lasers on dentinal surface are thought to 
improve traditional procedures in different areas of Dentistry. As an 
example, the increase of opened dentinal tubules on irradiated 
surface enhances dentin permeability during endodontic treatment. 
This fact favors the permeation of antimicrobial agents and intracanal 
medicaments through dentin, such as to enable their access to the 
external root surface where resistant (Schoop et al. 2004). It was 
believed that morphological patterns produced by laser would favor 
bonding procedures, mainly because of the obtainment of a 
microretentive surface and the absence of smear layer (De Munck et 
al. 2002; Van Meerbeek et al. 2003). In opposition, the increase of 
temperature provoked during ablation process is the main concern 
regarding its clinical application. 
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When erbium lasers are used for cavity preparation in 
restorative procedures, the thermomechanical effects and the 
temperature increase produced during ablation process may reach 
subjacent portions of the dentinal structure, denaturing the collagen 
fibrils and, consequently, harming the micromechanical retention 
produced by infiltration of the adhesive system into this exposed fibril 
network (Kimura et al. 1997; Ishizaka et al. 2002; Carvalho et al. 
2005; Harashima et al. 2005; de Oliveira et al. 2007). Thus, despite 
the potential use of lasers for microbial reduction and selective 
removal of carious substrate, the unsatisfactory adhesion to laser-
irradiated dentinal surface remains unsolved. Studies conducted with 
the aim of verifying bonding to laser-irradiated dentin with either 
etch-and-rinse or self-etching adhesive systems indicate that dentinal 
surface is supposed to be conditioned before the application of the 
adhesive systems. Thus, restorative procedures in irradiated dentin 
are not altered and must follow conventional adhesion concepts 
(Hossain et al. 2002; Van Meerbeek et al. 2003), although both 
favorable and negative results are still reported and remain uncertain 
after surface conditioning (Van Meerbeek et al. 2003; Lee et al. 
2007).  
Due to the structural composition of minimal organic content of 
enamel, temperature increase provoked by laser irradiation are not 
expected to damage the substrate considerably; however, bond 
values to irradiated enamel vary considerably in the literature, and 
this topic is still undetermined. Favorable results are reported in the 
literature, and bond values similar to those obtained after 
conventional etching with phosphoric acid are reported (Bispo 2000). 
Enamel conditioning with Er:YAG laser followed by restoration with 
composite resin provided resistant and long-lasting outcomes, even in 
presence of intense occlusal stress. Adhesive restoration of laser-
etched enamel proved to be successful at 1-year follow-up session, in 
a manner that intense charges exerted during bruxing events were 
sufficient to cause loss of resin substance, but not to detach it 
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(Eduardo et al. 2009). Adversely, reduced bond values to irradiated 
enamel have also been shown, and contribute to the lack of 
consensus regarding this concerning issue (Van Meerbeek et al. 
2003). 
Erbium lasers have been considered a promising technique for 
caries removal and cavity preparation, but the alterations produced in 
irradiated dental substrate have to be taken into account when 
aiming at long-lasting and reliable restoration (Ceballo et al. 2002). 
 
 
2.3 Ultra-short pulsed lasers 
 
 
It is well-established in the literature that dental ablation with 
high power lasers must be conducted with pulsed-laser, so that time 
interval between two consecutive pulses can enable temperature 
decrease on irradiated surface and avoid thermal damages by 
excessive heat (Apel et al. 2002; Corona et al. 2007). The pulse 
duration of laser sources currently available for cavity preparation are 
in the order of milliseconds, and even when thermal relaxation time 
for dental substrates is respected, residual temperature is still 
present and causes undesirable alterations in subjacent structures 
(Ceballo et al. 2002). As already mentioned, these alterations are 
responsible for reducing bond values to irradiated surfaces, and such 
disadvantages have culminated in contra-indication of laser-prepared 
cavities by some authors (Van Meerbeek et al. 2003; Cardoso et al. 
2008; Cardoso et al. 2008). 
The influence of laser irradiation parameters on ablation 
process is well-known, and besides determination of adequate 
wavelength, pulse repetition rate, cooling of irradiated surface during 
irradiation and energy density, the effect of reduced pulse durations 
have been recently studied in attempt to avoid overheating and 
minimize the occurrence of substrate damage by laser ablation. 
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Indeed, preliminary evaluation of ultra-short pulsed lasers effects on 
dental surface have presented promising results, and indicate that 
pulse duration plays a decisive role in the ablation of dental hard 
tissues.  
Ultra-short pulsed lasers emit photons with picoseconds and 
femtoseconds pulse durations (1 ps = 1.10-12 s and 1 fs = 1.10-15 s). 
The production of laser shortest pulse yet created was reported in 
2008 (Goulielmakis et al. 2008), and presents laser pulse of 80 
attoseconds (10−18 or one quintillionth of a second). 
The use of picoseconds lasers for dental ablation was first 
reported by Niemz in 1995 (Niemz 1995), and already at that time it 
was indicated as a viable alternative for caries removal. The same 
benefits of selective caries removal observed in erbium millisecond-
lasers were reported, since the author observed different ablation 
rate for carious and sound substrate. Dental hard tissue ablation was 
evaluated for nanosecond and subpicosecond lasers, and it has been 
demonstrated that ablation with longer pulses is based on 
thermomechanical mechanisms, whereas subpicosecond lasers was 
based on nonthermal ablation mechanisms (Neev & Lee 1996). 
The reduced damage to dental substrates observed with ultra-
short pulsed laser is based in the nonthermal aspect of the ablation 
process. When laser photons in ultra-short pulses are directed to 
target tissue, this extremely intense laser energy causes the 
ionization and the subsequent electron avalanche in superficial 
substrate, so that extremely high pressures and temperatures are 
created. An initially strong shockwave propagates into the tissue, but 
weakens substantially by a distance on the order of a few microns. 
Due to the short pulse duration, this attenuation is caused by the 
accompanying rarefaction wave. The rapidly ejected heated material 
takes away most of the absorbed energy. Therefore, effective 
ablation is followed without causing thermal and mechanical damage 
in the remaining material (Kim et al. 1999). Plasma is formed by a 
mixture of positively charged particles (ions), negatively charged 
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particles (electrons) and various uncharged particles released by 
ablation process. Among these particles, high concentrations of free-
radicals and atomic or molecular fragments that are very chemically 
reactive can be present. Thus, the occurrence of a plasma-mediated 
ablation has been reported as one of the mechanism involved in laser 
interaction with irradiated substrate. Moreover, this highly reactive 
aspect of plasma has also seemed to reduce ablation process by 
interfering with light’s interaction with substrate surface (Lizarelli et 
al. 2000). However, the production of plasma in considered a 
consequence in laser ablation with picoseconds and femtoseconds 
pulse durations, and can only play an important role on laser ablation 
with longer pulses, such as several hundreds of picoseconds and 
nanoseconds duration. 
The initial reports of picosecond lasers in dental substrates date 
from more than one decade ago (Kim et al. 1999; Lizarelli et al. 
2000), and since then, various studies have been conducted. The 
main objectives have been the evaluation of laser interaction with 
dental hard tissue, as well as the description of the surface 
morphology obtained. Cavities preparation with picosecond and 
femtosecond lasers has presented well-delimited cavities with no 
evident damage to irradiated substrate (Lizarelli et al. 2000; Pike et 
al. 2007). Surface morphology has varied according to laser 
parameters used, and present either areas of melting and 
solidification of dentin and enamel, as well as rough superficial 
patterns without melting or carbonization (Lizarelli et al. 1999). Until 
now, there are reports of clinical use of ultra-short pulsed lasers in 
dentistry. Various studies with different wavelengths and pulse 
durations were conducted for both enamel and dentin, but the effect 
of irradiated dental substrate on adhesion has not been studied yet.  
Based on the literature review conducted and regarding the 
several inconsistencies in the current technique of cavity preparation 
with erbium lasers and bonding to laser-irradiated dental substrates, 
it has been necessary to evaluate whether alternative laser sources 
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such as ultra-short pulsed laser would be capable of associating 
effective cavity preparation with favorable bonding to adhesive 
systems. 
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3 OBJECTIVES 
 
 
The aims of this in vitro study were to:  
1. Evaluate the effect of ultra-short pulsed lasers with picosecond 
and femtosecond durations on enamel and dentin. 
Morphological aspects of irradiated surfaces were assessed, as 
well as topography of the ablated cavities, temperature 
increase during irradiation, ablation threshold, and ablation 
rate. Four laser parameters were selected to be further tested;  
2. Analyze the ablation effectiveness of the selected laser 
parameters by relating temperature increase to ablation rate 
and ablation efficiency; 
3. Assess the quality of adhesion between composite resin and 
dentin irradiated with the laser parameters selected, by means 
of microtensile assay and analysis of fractured interface, as well 
as analysis of adhesive interface. 
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4 MATERIAL AND METHODS 
 
 
In order to better evaluate the interaction between ultra-short 
pulsed lasers and dental substrates, the experimental procedures 
were divided in three phases. The first phase aimed to evaluate the 
effect of different wavelengths, pulse durations and irradiation 
protocols on enamel and dentin. The irradiation parameters that 
promoted the most favorable results in the first phase were further 
evaluated in a second phase, which evaluated the relation between 
temperature increase and ablation rate or ablation efficiency. The last 
phase aimed to analyze the adhesion to dentin irradiated with these 
selected parameters by varying bonding protocols. 
This research was approved by the Ethical Committee of the 
Medical Faculty of the RWTH Aachen University (Attachment). 
 
 
4.1 Phase 1 – Effect of ultra-short pulsed lasers in enamel and 
dentin 
 
 
4.1.1 Samples preparation 
 
 
Twenty-five freshly extracted human third molars were 
selected, cleaned with periodontal curettes (Duflex, SS White, Rio de 
Janeiro, RJ, Brasil), and polished with pumice stone (SS Whitel) and 
water, with the use of Robinson brushes (KG Sorensen, Barueri, SP, 
Brasil) at low speed, followed by rinsing with distilled water.  
The teeth were fixed with sticky wax to an acrylic plate with the 
enamel-cement junction perpendicular to the plate, and were 
sectioned with the use of the diamond band saw (E 300, EXAKT 
GmbH, Norderstedt, Germany) to obtain slices of approximately 2 
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mm thickness. The slices were fixed to acrylic plates with lightcuring 
fixation adhesive (Technovit 7230 VLC, Heraeus Kulzer, Wehrheim, 
Germany) and polished with SiC #800 grinding paper (Struers A/S, 
Ballerup, Denmark) with the use of the grinding system (CS401, 
EXAKT GmbH) under constant water irrigation, until the thickness of 
1 mm was achieved. In order to be appropriate for irradiation, the 
slices should consist on an inner portion of dentin surrounded by 
enamel of at least 1 mm thick. All measurements were conducted 
with a digital calipter (Mitutoyo Co., Kanagawa, Japan). The slices 
were maintained in distilled water throughout the experiment. For 
this initial study, there was no fixed number of samples per group, 
and the cavities were performed in the twenty-five samples on 
demand.  
 
 
4.1.2 Irradiation with picosecond laser at 355 nm 
 
 
The effect of ultra-short pulses was initially observed by 
irradiating enamel and dentin with a high power laser at 355 nm (UV, 
ultraviolet radiation) and pulses of approximately 10 picoseconds (ps) 
duration.  
The experiments were conducted with the Nd:YAG laser (Super 
Rapid, Lumera Laser GmbH, Kaiserslautern, Germany). When 
operating in the fundamental mode, the Nd:YAG lasers emit photons 
of λ= 1064 nm. The frequency tripling process enables the generation 
of a final beam with one-third (1/3) of the fundamental wavelength of 
1064 nm, producing three times the optical frequency of the input 
beam. This process is also called third harmonic generation (THG), 
and was used to produce the beam of 355 nm. The laser source 
permits an output power up to 4 W, surface scanning speed up to 
2000 mm/s, and pulse repetition rate up to 2 MHz. The beam 
diameter was 20 µm and the pulse duration was approximately 10 ps.  
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The samples were positioned on the source’s table and the 
beam focus was individually adjusted for each sample. The laser 
scanner was configured in a manner of irradiating a square with 1-
mm side and alternated path, in the X and Y axis. The distance 
between two pulses in the X axis was set 8 µm. The distance in the Y 
axis varied with scanning speed and repetition rate. The 1 mm2 area 
was scanned several times, and for more than 50 repetitions, the 
irradiation was divided into two equal scan series with an interval of 
20 to 30 seconds in-between. The excess of water was removed from 
the samples surface before irradiation with absorbing paper, so that it 
could be conducted on moist substrate. No cooling system was used 
during irradiation. 
The 1-mm side square cavities were irradiated with the UV ps-
laser on both dentin and enamel with different laser parameters (Fig. 
4.1), as presented in Chart 4.1. For each cavity, ablation rate and 
temperature increase were recorded. The cavities topography and 
profile were analyzed, as well as the surface morphology. 
 
 
 
Figure 4.1 – Irradiation with ultraviolet ps-laser at 355 nm (A). The dentin-enamel limit was 
outlined, and 1-mm side square cavities were ablated in both dentin and enamel (B) 
 
 
 
 
 
 
A B 
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4.1.3 Irradiation with picosecond laser at 532 nm 
 
 
The same Nd:YAG laser source used for the production of the 
355-nm wavelength beam was used for the generation of a 532-nm 
wavelength beam, this time by second harmonic generation (SHG). 
Under this condition, the laser source was able to provide power up to 
7 W, surface scanning speed up to 2000 mm/s, and pulse repetition 
rate up to 2 MHz. The beam diameter was 20 µm and the pulse 
duration was approximately 10 ps. 
Samples irradiation was conducted as described above, and the 
laser parameters tested are presented in Chart 4.1. The cavities of 1-
mm side were produced in both dentin and enamel, and no cooling 
system was used (Fig. 4.2). Ablation rate and temperature increase 
were recorded for each cavity, and the cavities topography, profile, 
and morphology were assessed.  
 
 
   
Figure 4.2 - Irradiation with visible green 532 nm ps-laser at Lumera Laser GmbH, In 
Kaiserslautern, Germany. A vacuum pump system was positioned by the irradiation table (A) to 
suck vaporized dental substrates released during ablation (B) 
 
 
 
 
 
A B 
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4.1.4 Irradiation with femtosecond laser at 1045 nm 
 
 
For the irradiation of dentin and enamel at femtosecond (fs) 
regime, a laser source emitting photons at 1045 nm (FCPA µJewel, 
IMRA America Inc., Ann Arbor, MI, USA) was used (Fig. 4.3). 
Maximum power of the laser source was 0.79 W. The beam focus was 
obtained by coupling the microscope objective 5x/0.15 (Plan-
Neofluar, Carl Zeiss AG, Oberkochen, Germany) to the scanner 
device, which resulted in a beam diameter of 8.8 µm and maximum 
output power of 0.3 W. This system limited the irradiation area to 
approximately 5 mm diameter, and the scanning speed to 400 mm/s. 
Pulse duration was approximately 500 fs. 
The samples were positioned on the source’s table, and the 
focus was readjusted before each irradiation. The samples were 
gently dried with absorbing paper, so that the laser could interact 
with moist dental substrate.  
Different laser parameters were tested in both enamel and 
dentin, as presented in Chart 4.1. Afterwards, the 1-mm side cavities 
were submitted to the above-mentioned analyses. 
 
 
   
Figure 4.3 – Irradiation of dentin sample with a 1045 nm fs-laser at the Fraunhofer Institute for 
Laser Technology (ILT, Aachen, Germany). The irradiated area was limited by the microscope 
objective to 5-mm diameter. The laser scanner was configured to irradiate the sample with 
alternated path, in the X and Y axis 
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4.1.5 Irradiation with picosecond laser at 1064 nm 
 
 
The source used for the irradiation of dental substrates in 
picosecond regime and 1064-nm wavelength (Super Rapid, Lumera 
Laser GmbH) allowed an output power up to 18 W, surface scanning 
speed up to 2000 mm/s, and pulse repetition rate up to 2 MHz (Fig. 
4.4). The focused beam diameter was 22 µm and the pulse duration 
was approximately 10 ps. Irradiation was conducted as already 
described.  
The laser parameters tested for the irradiation of enamel and 
dentin with 1064-nm wavelength ps-laser are described in Chart 4.1. 
Cavities were submitted to the analysis of ablation rate, profile, 
morphology, and temperature increase.  
 
 
 
Figure 4.4 – The 1064-nm ps-laser at the Fraunhofer Institute for Laser Technology (ILT, 
Aachen, Germany) (A) was used to irradiate dental substrates with surface scanning speed up 
to 2000 mm/s and pulse repetition rate up to 2 MHz (B) 
 
  
A B 
  
Chart 4.1 – Wavelengths of ultra-short pulsed lasers and irradiation parameters tested for both human enamel and dentin 
Wavelength 
(Radiation) 
Pulse 
duration 
Repetition rate  
[kHz] 
Power  
[W] 
Energy 
[µJ/pulse] 
Fluence  
[J/cm²] 
Offset 
[µm] 
Repetitions 
Scanning speed 
[mm/s] 
355 nm 
(Ultraviolet) 
 10 ps 25 - 200 0.4 - 1.5 4 - 28 1.3 - 8.9 2 - 20 20 - 200 200 - 2000 
532 nm 
(Visible green) 
 10 ps 100 1 - 2.5 10 - 25 3.2 - 8 10 - 20 50 - 200 1000 - 2000 
1045 nm  
(Infrared) 
  500 fs 100 0.07 - 0.3 0.7 - 3 1.1 - 4.9 4 20 - 100 400 
1064 nm 
(Infrared) 
 10 ps 50 - 500 0.2 - 2.9 2 - 29 0.9 - 11.4 2 - 20 10 - 100 100 - 2000 
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4.1.6 Analysis of temperature increase 
 
 
The temperature increase caused by each laser parameter was 
measured in real time, concomitantly to cavities irradiation. For this 
experiment, a special device was built in order to allow the 
measurement of the temperature on the opposite surface to that 
irradiated (Fig. 4.5 A). This condition aimed to simulate a situation in 
which deep dentin is ablated, and the temperature achieved in the 
pulp adjacent to it is measured. 
The infrared pyrometer used (Raytek MID, Raytek Co., Santa 
Cruz, CA, USA) allowed noncontact infrared temperature 
measurements between -40 and 600 °C. Its sensing head was 
coupled to an aluminum structure, over which an aperture of 4-mm 
diameter was drilled. The sample was positioned over this aperture, 
and its upper surface was irradiated. Concomitantly, the heat energy 
in the form of infrared radiation on the opposite surface was reflected 
by an aluminum mirror and directed to the sensing head (Fig. 4.5 B, 
C), which informed by means of a software (Marathon MI Series 
4.7.5, Raytek Co.), the real-time temperature achieved at the lower 
surface of the sample (Fig. 4.5 D). 
The temperature recording was initiated some seconds before 
laser activation, and lasted until the laser was deactivated and the 
sample’s temperature reached the initial room temperature. The 
temperature increase was calculated by subtracting the initial room 
temperature from the peak temperature achieved during irradiation 
(Fig. 4.5 E). 
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Figure 4.5 – The real-time temperature was measured with a custom-built device, over which 
the sample was positioned (A). The upper surface was irradiated, and the temperature was 
detected on the lower surface of the sample (B). The sensor presented two extremities, one 
coupled to the device, and the other connected to the computer (C). The software showed the 
temperature measured by the sensor (D), and the increase caused by laser ablation was 
recorded and calculated according to initial room temperature (E) 
  
 
4.1.7 Analysis of cavity profile 
 
 
After irradiation, all samples were observed in the digital 
microscope (VHX-500F Series, Keyence, Osaka, Japan). The 
microscope’s software generated a 3D image, which was built by 
grouping 50 pictures throughout the same cavity, from its deepest to 
its highest point. 
The 3D images allowed a detailed evaluation of the cavity 
topography. Likewise, the profile was obtained by making a digital cut 
of each cavity in two directions, so that it could be observed at both Y 
and X axes (Fig. 4.6).   
 
Sensor 
(ºC) 
(s) 
A B 
C D E 
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Figure 4.6 – The cavities were observed in the digital microscope. The profile and the 
topography with each laser parameter were analyzed at all angles 
 
 
4.1.8 Evaluation of ablation threshold and ablation rate 
 
 
Each irradiated area was observed under digital microscopy, 
making it possible to identify at which energy density the ablation 
process started to take place and under which energy density it was 
no longer present.  
The irradiated areas were inspected visually, and loss of 
substrate should be detected for the ablation to be considered. The 
surface discoloration alone was not considered as ablation (Fig. 4.7).   
The cavity dimensions were calculated with the use of the 
microscope’s software, and the ablation rate (µm/pulse) was 
calculated according to the energy density and to the number of 
pulses needed. 
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Figure 4.7 – As a result of fluence variation, cavities with different depths were obtained (A). 
The ablation threshold was determined by observing the fluence at which loss of substrate was 
initially detected (B) 
 
 
4.1.10 Influence of surface cooling and sample thickness 
 
 
A preliminary study was conducted in order to evaluate the 
influence of sample thickness and surface cooling during laser 
irradiation on ablation rate values and temperature increase. The 
experiments were carried out with the 1064-nm ps-laser, as the 
source’s availability allowed further experiments, and the observation 
of the values behavior with one wavelength as a preliminary study 
was considered sufficient. 
For the analysis of thickness influence on ablation, slices were 
obtained from third molars as previously mentioned, and polished 
until the thicknesses of 1 mm and 2 mm were achieved. Dentin was 
irradiated with the following parameters: power from 0.2 to 2.9 W, 
pulse repetition rate of 100 kHz, surface scanning speed of 200 
mm/s, energy density from 0.9 to 11.4 J/cm2; temperature increase 
and ablation data for each sample thickness were analyzed. 
For the assessment of cooling influence on ablation and 
temperature increase, dentin samples of 1 mm thick were obtained as 
already described, and were irradiated under cooling with either air-
water spray (5 mL/min, 3 bar) or compressed air (3 bar). The spray 
was directed to the irradiated area, and the air pressure was 
A B 
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sufficient to avoid water accumulation (Fig. 4.8). Temperature 
increase and ablation rate were measured as already described.  
 
 
 
Figure 4-8 – The influence of cooling methods on ablation and temperature increase was 
assessed by irradiating samples under cooling with either air-water spray (5 mL/min, 3 bar) or 
compressed air 
 
 
4.1.8 Surface morphology under SEM 
 
  
The samples were then prepared for the evaluation of the 
surface morphology under SEM. Therefore, the slices were immersed 
in glutaraldehyde 2.5% solution for 24 hours, followed by 3 
consecutive 10-minute baths with phosphate buffer solution 0.1 M. 
The specimens were dehydrated in growing concentrations of ethanol 
(30 to 100%), with 2 consecutive 5-minute baths in each 
concentration and 4 consecutive 5-minute baths in 100% 
concentration. 
By the end of the dehydration process, the samples were kept 
on absorbing paper in the chapel for 2 hours, then mounted on stubs 
and sputter-coated with gold (SCD 030, Balzers Union, Balzers, 
Lichtenstein). The images were obtained with the SEM (Field-
Emission Environmental SEM Philips XL30, FEI-Philips Electron Optics, 
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Eindhoven, The Netherlands) by determining areas and 
magnifications in a manner of enabling a better evaluation of the 
predominant topography in each sample.  
 
 
4.2 Phase 2 – Selection of adequate laser parameters  
 
 
For the analysis of bond quality between composite resin and 
dentin, the laser parameters were chosen according to the results 
observed in the previous experiments. The parameters were elected 
when relating satisfactory ablation rates to minimal temperature 
increase, as well as absence of cracks, melting or carbonization. Two 
laser parameters were selected, one with femtosecond pulse duration 
(A1), and the other with picosecond pulse duration (B1). Additionally 
to the elected parameters, the highest energy density for each 
wavelength (A2 and B2 for femto and picosecond laser, respectively) 
was also considered for the next phase, as to enable the evaluation of 
adhesion patterns to potential intensively altered surfaces. The 
following parameters were chosen: laser wavelength, surface 
scanning speed, pulse repetition rate, power and energy density.  
 
 
4.2.1 Analysis of the selected laser parameters 
 
 
For the further analysis of the elected parameters, ten tooth 
slices were prepared as previously described. Various cavities were 
ablated in both dentin and enamel, for each parameter selected (A1, 
A2, B1 and B2). The values of temperature increase and ablation rate 
were recorded. Ablation efficiency (mm3/J) was also calculated from 
ablation rate and fluence values. The relation between temperature 
increase and ablation rate or ablation efficiency was assessed. 
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4.3 Adhesion to irradiated dentin 
 
 
4.3.1 Samples preparation 
 
 
For the microtensile testing, one-hundred freshly extracted 
human third molars were selected and cleaned. The teeth were fixed 
with sticky wax to an acrylic plate with the enamel-cement junction 
perpendicular to the plate, and had the occlusal surface removed with 
the use of the diamond band saw (E 300, EXAKT GmbH). Any 
remnant enamel on the occlusal surface was worn down with SiC 
#180 grinding paper, until a flat dentin surface of a mean depth (1 
mm below the amelodentinal junction) was obtained. The dentin 
surface was polished with SiC #800 grinding paper during 1 minute 
under constant irrigation, to standardize the smear layer formed.  
 
 
4.3.2 Surface treatment 
 
 
The samples were randomly assigned into five groups (n=20). 
The samples in control group were not submitted to laser irradiation, 
and the dentinal surfaces remained with the polishing treatment. In 
the four other groups, the dentin surfaces were irradiated with femto- 
and picosecond lasers, with the laser parameters previously selected 
(A1, A2, B1 and B2, Table 4.1). 
  
Table 4.1 – Experimental groups and adhesive systems used for microtensile testing.  
 
* Clearfil SE Bond – Composition: Primer: 10-MDP, HEMA, hydrophilic dimethacrylate, photo-initiator, water. Bond: 10-MDP, HEMA, Bis-GMA, hydrophobic 
dimethacrylate, photo-initiators, silanated colloidal silica. Manufacturer instructions: Apply Primer, leave for 20 seconds, and dry with mild air flow. Apply Bond, 
air flow gently and lightcure for 10 seconds. 
** Adper Single Bond 2 – Composition: dimethacrylates, HEMA, polyalkenoid acid copolymer, 5 nm silane treated colloidal silica, ethanol, water, photoinitiator. 
Manufacturer instructions: Apply phosphoric acid 35% and wait 15 seconds. Rinse for 10 seconds and blot excess water with cotton pellet or mini-sponge. Apply 
2 consecutive coats of adhesive for 15 seconds with gentle agitation, gently air thin for five seconds to evaporate solvents. Light cure for 10 seconds. 
Groups Clearfil SE Bond* 
 
Adper Single Bond 2** 
 
Control 
- Primer 
(Primer was not used 
 before Bond) 
+ Primer  
(Primer was used 
 before Bond) 
- Acid etching 
(acid etching  was not  
used before Bond) 
+ Acid etching  
(acid etching was  
used before Bond) 
A1 - Primer + Primer - Acid etching + Acid etching 
A2 - Primer + Primer - Acid etching + Acid etching 
B1 - Primer + Primer - Acid etching + Acid etching 
B2 - Primer + Primer - Acid etching + Acid etching 
3
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4.3.3 Adhesive procedures 
 
 
After treatment of the dentin surface, the samples were divided 
into 4 subgroups, according to the adhesive protocol received (n=5). 
Two adhesive systems were selected, a two-step self-etch (Clearfil SE 
Bond, Kuraray Medical Inc., Okayama, Japan) and a two-step etch-
and-rinse system (Adper Single Bond 2, 3M ESPE, St. Paul, MN, 
USA). For the subgroups CL+P (Clearfil with Primer) and SB+A 
(Single Bond with acid etching), both adhesive systems were applied 
in accordance to the manufacturers’ instructions, including the prior 
use of Primer and acid etching, respectively (Table 4.1).  The 
subgroups CL-P (Clearfil without Primer) and SB-A (Single Bond 
without acid etching) received only Clearfil Bond and Single Bond 
adhesive after surface treatment, without prior application of Primer 
or acid, respectively. There were five dentin specimens per subgroup. 
The light-activation of the adhesives was conducted at 800 mW/cm2 
(Bluephase 8, Ivoclar Vivadent, Schaan, Liechtenstein). 
 
 
4.3.4 Microtensile assay  
 
 
After the application of the adhesive systems, a block of 
composite resin (Filtek Z250, 3M ESPE) of approximately 5 x 5 x 3 
mm was constructed over the adhesive surface, and each increment 
of approximately 1.5 mm was light-activated for 20 seconds. The 
samples were stored in distilled water for 24 hours at 37 ºC.  
Afterwards, the samples were fixed with sticky wax to an acrylic 
plate and sectioned with the use of the diamond band saw at a speed 
of 25 m/min, under water cooling, to obtain bar specimens measuring 
0.8 x 0.8 mm, approximately. The teeth were serially sectioned in the 
buccal-lingual direction and in the mesio-distal direction, 
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perpendicularly to the dentin-composite bond interface. The bar 
specimens presented a cross-sectional area of  0.7 mm2 (Fig. 4.9), 
which were checked with the digital caliper (Mitutoyo Co.). Nine bar 
specimens per tooth were selected for the microtensile assay. Each 
bar was analyzed with the stereomicroscope (MZ6, Leica 
Microsystems GmbH, Wetzlar, Germany), and those containing 
excess of adhesive, cracks or gaps within the adhesive interface were 
excluded.  
 
 
  
Figure 4.9 – The samples were fixed with sticky wax to an acrylic plate and serially sectioned in 
the buccal-lingual and in the mesio-distal direction, perpendicularly to the dentin-composite 
interface (A). Bar specimens of approximately 0.8 x 0.8 mm were produced (B), and were fixed 
to the metal device parallel to the long axis with cyanoacrylate glue (C) 
 
 
 
The bar specimens were fixed to a metal device parallel to the 
long axis with cyanoacrylate glue (Fig. 4.10). The device was coupled 
to the universal testing machine (zwicki Z 2.5, Zwick, Ulm, Germany) 
and loaded to failure in tension (50 N) at a cross-head speed of 0.5 
mm/min. Microtensile bond strength was recorded in N, and this 
value was divided by the specimen’s cross-sectional area, so that MPa 
values could be calculated and submitted to statistical (α≤0.05).  
 
 
 
A B C 
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Figure 4.10 – The metal device containing the bar specimen was coupled to the universal 
testing machine zwicki Z 2.5. The amplified image shows the testing strategy, in which the lower 
portion of the metal device was coupled to a fixed basis (1), whereas the upper portion was 
coupled to a mobile and articulated apparatus (2), which aimed to avoid flexure of the specimen 
during the test. The upper portion was loaded to failure at a cross-head speed of 0.5 mm/min 
 
 
4.3.4.1 Analysis of the fractured surfaces 
 
 
The fractured surfaces of each bar specimen were observed with 
the stereomicroscope (MZ6, Leica Microsystems GmbH), which was 
coupled to a digital camera (Hitachi HV C2A, Wetzlar, Germany) and 
allowed the detailed analysis of the images with the software Diskus 
4.2 (Hilgers, Königswinter, Germany). The mode of failure was 
classified as 1) adhesive failure between dentin and resin, 2) cohesive 
failure of resin or dentin, or 3) mixed failure, with both adhesive and 
cohesive failures within the same fractured surface. The percentage 
of occurrence of each failure type was calculated for the different 
2 
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experimental groups. The most representative failures of each group 
were cleaned, dried, sputter-coated with gold, and observed by SEM 
at 80X magnification.  
 
 
4.3.5 Study of the adhesive interface 
 
 
Three slices with 3 mm thickness were obtained from human 
third molars for each subgroup, as previous mentioned. The slices 
were submitted to the surface treatments according to Table 4.1, and 
underwent the same adhesive protocols, as described in items 4.3.2 
and 4.3.3. After application of the adhesive systems, an increment of 
approximately 1 mm of composite resin (Filtek Z250, 3M ESPE) was 
applied over the adhesive surface and light-activated for 20 seconds. 
The samples were then stored in distilled water at 37 ºC for 24 hours. 
After storage, the samples were fixed with sticky wax to an 
acrylic plate through and sectioned in the central area of the 
restoration in the mesio-distal direction. The cut exposed the resin-
dentin interface, and this surface was polished with SiC #240, 400, 
800, 1200, 2400 and 4000 grinding paper, with constant water 
irrigation, for 30 seconds each. 
After rinsed with distilled water, the samples were immersed in 
an aqueous solution of chlorhydric acid 5 M for 20 seconds, rinsed 
again with distilled water, and immersed in sodium hypochlorite 1% 
for 30 minutes. Then, the samples were again rinsed with distilled 
water, immersed in glutaraldehyde 2.5% solution for 24 hours, 
dehydrated in growing concentrations of ethanol (30 to 100%), 
mounted in stubs, and sputter-coated with gold. Electromicrographies 
at 500X, 1000X, 5000X, and 10000X magnification were obtained 
from the adhesive interface area. The characteristics of the hybrid 
layer and resin tags were analyzed for each surface treatment. 
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5 RESULTS 
 
 
5.1 Effect of ultra-short pulsed lasers in enamel and 
dentin 
 
 
5.1.2 Picosecond laser at 355 nm 
 
 
The evaluation of the cavities produced with ultraviolet 355-nm 
picosecond laser showed that enamel and dentin presented different 
ablation rate and temperature increase for a same laser parameter, 
indicating that the substrate influences the ablation process for this 
wavelength and pulse duration (Graphs 5.1 and 5.2).  
The same parameter produced deeper cavities in dentin than in 
enamel, according to the ablation rate curves in Graph 5.1. This 
difference was higher with slower scanning speed (200 mm/s, red 
trendlines) than with faster scanning speed (2000 mm/s, blue 
trendlines). This difference can also be observed in Fig. 5.1, which 
depicts the deeper cavity in dentin with the same laser parameter as 
enamel.  
 
 
 
Graph 5.1 – Ablation rate (Y axis) for enamel (A) and dentin (B), with variation of fluence (X 
axis) and scanning speed (200 mm/s for the red trendline, 2000 mm/s for the blue one). (355 
nm, 100 kHz, no cooling) 
A B 
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Figure 5.1 – Cavity profile in enamel (A) and dentin (B). The same laser parameters were used 
for both substrates, but the ablation process in dentin was more intense, resulting in a deeper 
cavity. (355 nm, 200 mm/s, 100 kHz, 0.4 W, 1.3 J/cm
2
, no cooling) 
  
 
When higher energy density was used, the ablation process in 
dentin was accompanied by carbonization and intense temperature 
increase, whereas the same energy density provoked milder 
temperature increase in enamel and light carbonization (Fig. 5.2 A, B, 
Graph 5.2). This fact characterizes the selective ablation of 355-nm 
ps-laser. Another fact that confirms this selectivity is the topography 
of each cavity individually. In Fig. 5.2 C, the cavity in enamel is 
deeper the closer it gets to dentin, meaning that an intense ablation 
occurred in this area; indeed, carbonization in enamel was only 
noticed in these sites. For dentin cavity (Fig. 5.2 D), the depth 
increases the farther it goes from enamel. The same laser parameters 
resulted in deeper cavity in dentin than in enamel; however, both 
substrates presented well-defined cavities with sharp cavo-surface 
edges (Fig. 5.2 E, F). 
 
 
A B 
Depth 
135.1 µm 
Depth 
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Figure 5.2 – The same laser parameter was sufficient to cause intense carbonization in dentin 
(A), but not in enamel (B). The ablation process was so intense in dentin, that the cavity 
perforated the 1-mm sample depth (D), while in enamel the cavity has less than half this depth 
(C). For the enamel, the ablation process was more intense in the area close to dentin (A), 
resulting in deeper cavity in this area (C). For dentin, the same was observed in areas far from 
enamel (D). The cavities were well-defined and with sharp cavo-surface edge (E, F). (355 nm, 
200 mm/s, 100 kHz, 1 W, 3.2 J/cm
2
, no cooling)   
 
Depth 
489.5 µm 
Depth 
1107 µm 
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Graph 5.2 – Temperature increase (Y axis) recorded during irradiation for enamel (A) and 
dentin (B), with variation of fluence (X axis) and scanning speed (200 mm/s for the red trendline, 
2000 mm/s for the blue one). (355 nm, 100 kHz, no cooling) 
 
 
For both enamel and dentin, the temperature increase varied 
according to surface scanning speed (Graph 5.2). Slower scanning 
speed (200 mm/s) resulted in temperature increase up to 76 ºC for 
enamel and 101 ºC for dentin. Adversely, faster scanning speed 
(2000 mm/s) provoked milder and similar temperature increase for 
both substrates, 27 ºC for enamel and 26 ºC for dentin, as depicted 
by the blue trendlines in Graph 5.2. 
Not only temperature increase for 200 mm/s was higher, but 
ablation rate was more intense (Graph 5.1). Slower speed results in 
more pulses overlapping, and therefore, in intense ablation and 
higher temperature. When the same laser power and fluence was 
used, 200 mm/s produced deeper cavities than 2000 mm/s and 
carbonization, for both enamel (Fig. 5.3 A, B) and dentin (Fig. 5.3 C, 
D). 
The analysis of the surface morphology with SEM showed an 
intense singular alteration of the dental substrates (Fig. 5.4). 
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Figure 5.3 – For the same laser parameter, 200 mm/s produced deeper cavities in enamel (A) 
and dentin (C) than 2000 mm/s (B and D, respectively). Carbonization was only present for 200 
mm/s (A, D). The ablation was more intense in dentin, so that cavity perforated the 1-mm depth 
sample (C, D). The cavities for 2000 mm/s present uneven bottom, with less ablation near the 
margins, caused by the combination of the high speed scanner to the interruption of the beam 
emission (B, D). (355 nm, 200 and 2000 mm/s, 100 kHz, 1.5 W, 4.8 J/cm
2
, no cooling) 
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Figure 5.4 – SEM micrographs of enamel (A-C) and dentin (D-F) irradiated with 355-nm ps-
laser. The same cavities (A, D) are observed at different magnifications (65X, 5,000X, and 
15,000X). Both enamel and dentin presented defined cavities with sharp cavo-surface edge. 
The cracks present in A and D result from samples preparation, and are not a consequence of 
laser interaction. The ablation process resulted in melting and solidification of both dentin and 
enamel (indicated by red arrows), deposition of particles ejected during ablation (blue arrows), 
and few nanocracks (green circles). A great quantity of pores is observed, and may have been 
produced during substrate melting; the gases produced during melting form bubbles, which 
escape to the surface and leave pores on it. The morphologic pattern seems to be similar to 
both substrates. The original morphology of enamel is hardly recognized after laser irradiation 
(enamel prisms pointed by yellow arrows). For dentin, dentinal tubules openings are mostly 
covered by melted dentin or are easily confused with the pores created during melting. (355 nm, 
200 mm/s, 100 kHz, 1 W and 3.2 J/cm
2
 for enamel, 0.7 W and 2.2 J/cm
2
 for dentin, no cooling) 
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5.1.3 Picosecond laser at 532 nm 
 
 
The cavities produced with visible green 532-nm ps-laser 
presented no carbonization sites, even when higher energy densities 
were used.  The temperature increase and ablation rate for enamel 
and dentin are presented in Graph 5.3. The temperature increase for 
both substrates seems similar, since the small difference that 
indicates higher values for dentin can also result from differences 
among samples structures. Higher energy densities did not cause 
temperature increase of more than 20 ºC, as presented in Graph 5.3 
A. 
Adversely, ablation rate varied according to dental substrate 
irradiated, with higher values for dentin (Graph 5.3 B). The difference 
between enamel and dentin cavities can be observed in Fig. 5.5.  
 
 
 
Graph 5.3 – Temperature increase was recorded according to fluence for enamel (blue 
trendline) and dentin (red trendline) (A), as well as ablation rates (B). (532 nm, 100 kHz, 2000 
mm/s, no cooling) 
 
 
The analysis of cavity topography individually demonstrated 
that depth varied within the same cavity. For enamel, deeper areas 
were localized closer to dentin, whereas for dentin, deeper areas 
were concentrated away from enamel, the closer the cavity was from 
A B 
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the center of the sample (Fig. 5.6).The surface morphology was 
assessed by SEM and is described in Fig. 5.7. 
 
 
 
Figure 5.5 – For the same laser parameter, different cavity depths were obtained (A, D). No 
carbonization was present. The ablation was more intense in dentin, so that cavity was deeper 
and the perforation of the 1-mm depth sample was wider than in enamel, exposing the 
microscope slide underneath (B, E). For both substrates, cavities were well-delimited and 
presented sharp edges (C, F) (532 nm, 2000 mm/s, 100 kHz, 2.5 W, 8 J/cm
2
, no cooling) 
 
 
  
Figure 5.6 – The ablation process for enamel was more intense in the area close to dentin (A), 
while deeper areas for dentin were found the farther they were from enamel (B). (532 nm, 1000 
mm/s, 100 kHz, 1.3 W, 4.1 J/cm
2
, no cooling) 
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Figure 5.8 – SEM micrographs of enamel (A-C) and dentin (D-F) irradiated with 532-nm ps-
laser. The same cavities (A, D) are presented with different magnifications (65X, 5,000X, and 
15,000X). Well-delimited cavities and sharp cavo-surface edges were observed for both 
substrates. The path followed by the laser beam during irradiation can be identified, as indicated 
by the yellow lines (A, D). The ablation process caused different surface morphologies. For 
enamel (B, C), the microexplosions provoked by ablation caused intense roughness on the 
surface. Despite the alterations, the original prismatic structure can be easily identified (red 
arrows). Melting of enamel occurred in some areas; solidified areas can be observed (green 
circle), as well as pores formed by the escape of gases during melting process (blue arrows). 
There was few deposition of particles for enamel (white arrows), and no deposition at all for 
dentin. No melting was observed on dentin surface. Despite the intense roughness produced by 
ablation on dentinal surface, the tubules opening can still be identified (yellow arrows). No 
nanocracks were observed, neither for dentin nor enamel. (532 nm, 2000 mm/s, 100 kHz, 1.3 
W, 4.1 J/cm
2
, no cooling) 
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5.1.5 Femtosecond laser at 1045 nm 
 
 
For cavities preparation with 1045-nm femtosecond laser, the 
temperature increase at the bottom of the 1-mm thick sample was no 
higher than 5.8 ºC for enamel, and 4.5 ºC for dentin. Adversely, 
ablation rates for dentin were higher than enamel, indicating that 
femtosecond lasers with the parameters used are able to ablate 
dental substrates selectively (Graph 5.4). This difference can be 
noticed in Fig. 5.9, in which the ablation threshold for each substrate 
was observed.  
 
    
   
Graph 5.4 – Temperature increase was recorded according to fluence for enamel (blue 
trendline) and dentin (red trendline) (A), as well as ablation rates (B). (532 nm, 100 kHz, 2000 
mm/s, no cooling) 
 
 
When higher laser parameters were used, no carbonization was 
observed, but dentin presented deeper cavities than enamel (Fig. 
5.10). The depth within the same cavity varied for both enamel and 
dentin, with deeper areas near dentin and away from enamel, 
respectively. SEM micrographs depicted peculiar surface 
morphologies for enamel and dentin, as presented in Fig. 5.11. 
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Figure 5.9 – The ablation threshold for enamel was 1.6 J/cm
2
. Ablation initiated in the areas 
near to dentin. A small area of dentin was casually irradiated during the preparation of the 
enamel cavity, and the ablation in this area was significantly higher, indicating the different 
ablation properties of the substrates (A). The ablation threshold for dentin was 1.1 J/cm
2
. 
Ablation initiated in the areas far from enamel; the areas near to enamel present light 
discoloration, but no loss of substrate is noticed (B). (1045 nm, 100 kHz, 400 mm/s, no cooling) 
 
 
 
  
Figure 5.10 – When the highest fluence was used, no carbonization was observed. Enamel 
cavities (A) were shallower than dentin (B), and the depth varied within the same cavity for both 
substrates. (1045 nm, 4.9 J/cm
2
, 0.3 W, 100 kHz, 400 mm/s, no cooling) 
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Figure 5.11 – SEM micrographs of enamel (A-C) and dentin (D-F) irradiated with 1045-nm fs-
laser. The same cavities (A, D) are presented with different magnifications (65X, 5,000X, and 
15,000X). Well-delimited cavities and sharp cavo-surface edges were observed for both 
substrates. It is possible to notice that a small portion of dentin was reached when preparing 
enamel cavity (A). The ablation process caused different surface morphologies. For enamel (B, 
C), the microexplosions provoked by ablation caused intense roughness on the surface. The 
original prismatic structure was almost completely preserved, and only few nanocracks can be 
identified (red arrows). Melting of enamel occurred in few areas; solidified areas can be 
observed (green circle), as well as pores formed by the escape of gases during melting process 
(blue arrows). There was no deposition of particles for enamel and dentin. No melting was 
observed on dentin surface. Despite the intense roughness produced by ablation on dentinal 
surface, the original structure was preserved, and tubules opening can be identified (yellow 
arrows). Few nanocracks were observed (red arrows). (1045 nm, 400 mm/s, 100 kHz, 0.3 W, 
4.9 J/cm
2
, no cooling) 
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5.1.4 Picosecond laser at 1064 nm 
 
 
Preparation of cavities in enamel and dentin with 1064-nm ps-
laser presented similar temperature increase and ablation rate, for 
both scanning speeds tested (Graphs 5.5 and 5.6).  
 
 
 
Graph 5.5 – Temperature increase (Y axis) was recorded for enamel (A) and dentin (B), with 
variation of fluence (X axis) and scanning speed (200 mm/s for the red trendline, 2000 mm/s for 
the blue one). (1064 nm, 100 kHz, no cooling) 
 
 
 
Graph 5.6 – Ablation rate (Y axis) for enamel (A) and dentin (B), with variation of fluence (X 
axis) and scanning speed (200 mm/s for the red trendline, 2000 mm/s for the blue one). (1064 
nm, 100 kHz, no cooling) 
 
Lower scanning speed showed a moderate trend of causing 
higher temperature increase and lower ablation rate for both 
substrates, but this difference may be caused by the considerable 
A B 
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variation in the values recorded. The opposite is observed for higher 
scanning speeds, which values may infer lower temperature increase 
and higher ablation rate. The small difference between ablation rates 
of enamel and dentin are noticeable by the similar cavity depth 
presented within a same scanning speed (Fig. 5.12 A, B for 200 
mm/s; C, D for 2000 mm/s). Cavities prepared with 2000 mm/s 
presented slightly higher depth than those prepared with 200 mm/s. 
For both substrates, depth varied within the same cavity, as shown 
by the inclination of cavities bottom profile. 
 
 
 
Figure 5.12 – No carbonization was observed for enamel and dentin, and both present similar 
cavity depth for each scanning speed (A and B for 200 mm/s, respectively; C and D for 2000 
mm/s, respectively). For 2000 mm/s (C, D), cavities were slightly deeper than 200 mm/s (A, B). 
Depth varied within the same cavity for both substrates and scanning speeds. The cavities 
prepared with 2000 mm/s present a deeper margin that result from the scanner deceleration in 
this area. (1064 nm, 7.6 J/cm
2
, 2.9 W, 100 kHz, no cooling) 
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Figure 5.13 – SEM micrographs of enamel (A-C) and dentin (D-F) irradiated with 1064-nm ps-
laser. The same cavities (A, D) are presented with different magnifications (65X, 5,000X, and 
15,000X). Well-delimited cavities and sharp cavo-surface edges were observed for both 
substrates. The ablation process caused different surface morphologies. For enamel (B, C), 
intense surface roughness was cause by the microexplosions provoked by ablation. Despite the 
alterations, the original prismatic structure can be easily identified (red arrows). Melting of 
enamel occurred in some areas; solidified areas can be observed (green circle), as well as 
pores formed by the escape of gases during melting process (blue arrows). There was no 
deposition of ablated particles for enamel and dentin. No melting was observed on dentin 
surface. Despite the intense roughness produced by ablation on dentinal surface, the tubules 
opening can still be identified (yellow arrows). Few nanocracks were observed, for both dentin 
and enamel (white arrows). (1064 nm, 200 mm/s, 100 kHz, 2.9 W, 7.6 J/cm
2
, no cooling) 
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Figure 5.14 – SEM micrographs (65X, 5,000X, and 15,000X) of enamel (A-C) and dentin (D-F) 
irradiated with 1064-nm ps-laser, but with faster scanning speed (2000 mm/s). Well-delimited 
cavities and sharp cavo-surface edges are observed. Different morphology from that of cavities 
prepared with 200 mm/s was obtained. For enamel (B, C), surface roughness is still observed, 
but alterations seem more intense than with lower scanning speed. Wider areas of melted 
enamel (green circle) are interspersed with original prismatic areas (red arrows). No deposition 
of ablated particles is observed for enamel or dentin. No melting was observed on dentin 
surface, and the tubules opening can still be identified (yellow arrows), despite surface 
morphology is more considerably altered. Few nanocracks were observed, for both dentin and 
enamel (white arrows). (1064 nm, 2000 mm/s, 100 kHz, 2.9 W, 7.6 J/cm
2
, no cooling)  
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It is possible to observe that surface morphology of dentin 
irradiated with the highest energy density varied considerably with 
surface scanning speed. Ablation with scanning speed of 2000 mm/s 
provoked nanoalterations on dentinal surface (Fig. 5.14 F), whereas 
the surface observed for 200 mm/s seems smother (Fig. 5.13 F). 
These distinct surface morphologies can be observed in Fig. 5.15, in 
which SEM micrographs of dentinal surfaces at 50,000X 
magnifications are presented. 
 
 
 
Figure 5.15 – SEM micrographs at 50,000X magnification of dentin irradiated with 1064-nm ps-
laser with scanning speed of 200 mm/s (A) and 2000 mm/s (B). Morphological alterations 
produced by laser ablation seem more intense with faster scanning speed (B), for which the 
production of nanoroughness can be observed. Adversely, lower scanning speed produced 
smoother surface, inferring that alterations were less intense in these conditions (A). (1064 nm, 
100 kHz, 2.9 W, 7.6 J/cm
2
, no cooling) 
 
 
5.1.6 Influence of sample thickness on ablation 
 
The influence of sample thickness on dentin ablation with the 
1064-nm ps-laser was evaluated preliminarily, to enable an overview 
of temperature behavior and ablation rate values for thicknesses of 1 
and 2 mm.   
Temperature increase and ablation rate data are presented in 
Graph 5.7. Temperature varied according to samples thickness, as 
already expected, with higher values for the 1-mm thick. Since the 
same substrate was irradiated for both thicknesses, no difference 
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between ablation rates was expected; however, a slight difference 
can be noticed between ablation rates obtained for 1-mm and 2-mm 
thick samples. 
 
  
 
Graph 5.7 – Temperature increase was recorded for dentin according to fluence for 1-mm (blue 
trendline) and 2-mm thick (red trendline) samples (A). Thinner samples presented higher 
temperature increase than thicker ones. Ablation rates recorded for both thicknesses presented 
slightly higher values for 1-mm thick samples (B). (1064 nm, 100 kHz, 200 mm/s, no cooling) 
 
 
When the same fluence was used, the cavities produced in 1-
mm and 2-mm thick samples presented similar depth, with a trend 
for deeper cavities in 2-mm thick samples (Fig. 5.16). Depth varied 
within the same cavity for both thicknesses, as indicated by the 
inclined profile of the bottom of the cavities. 
Despite generally deeper, cavities in 2-mm thick samples 
seemed narrower, whereas cavities in 1-mm thick samples were 
slightly shallower but wider (Fig. 5.17 A, B). This pattern was 
observed even with lower energy densities (Fig. 5.17 C, D). This 
difference between cavities dimensions resulted in similar ablation 
rates, yet higher values for 1 mm thickness can be observed in Graph 
5.7 B. 
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Figure 5.16 – Despite the higher ablation rate for 1-mm thick samples presented in Graph 5.7, 
some cavities prepared in 2-mm thick (B) were slightly deeper than in 1-mm thick (A). The 
topography varied within the cavity for both thicknesses. (1064 nm, 7.8 J/cm
2
, 2 W, 100 kHz, 
200 mm/s, no cooling) 
 
 
 
Figure 5.17 – For the same laser parameter, cavities in 1-mm thick samples (A) were slightly 
shallower and wider than cavities in 2-mm thick samples (B), which were generally deeper and 
narrower. This topography was also observed for other energy densities (C, D). No 
carbonization was present. (1064 nm, 200 mm/s, 100 kHz, no cooling) 
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5.1.7 Influence of cooling during irradiation 
 
 
The influence of different cooling methods during irradiation on 
ablation process was evaluated preliminarily. Temperature increase 
and ablation rate were recorded for 1-mm thick dentin samples 
irradiated with 1064-nm ps-laser (Graph 5.8).  
 
 
  
Graph 5.8 – Temperature increase (A) and ablation rate (B) were recorded for dentin irradiated 
without cooling (red trendline), under cooling with air-water spray (blue trendline), and under 
cooling with compressed air (green trendline). (1064 nm, 100 kHz, 200 mm/s) 
 
 
Cavity preparation under air-water spray cooling (5 mL/min, 3 
bar) resulted in low temperature increase, with maximum value of 
7.1 ºC. This increase remained mostly constant, even when higher 
energy densities were used. Despite the low temperature increase, 
cooling with air-water spray influenced ablation rate considerably, 
resulting in drastic reduction of recorded values. Compressed air 
cooling (at 3 bar) presented variable values, but temperature 
increase did not differ considerably from when no cooling was used. 
Moreover, lower ablation rates were observed. 
For the same laser parameter, cooling modes produced 
significantly different cavity profiles, as depicted in Fig. 5.18. 
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Figure 5.18 – When no cooling was used, cavities were deeper and well delimited (A, B). The 
flux of water in the air-water spray influenced ablation significantly; higher water flux (9 mL/min) 
reduced ablation drastically (C, D), whereas lower flux (5 mL/min) resulted in slightly higher 
ablation rate (E, F). Compressed air provided cavities with depth and topography similar to 
those without cooling (G, H). (1064 nm, 100 kHz, 2.9 W, 11.4 J/cm
2
, 200 mm/s) 
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5.2 Selection of adequate laser parameters 
 
 
Based on the results obtained in the preliminary studies, 
irradiation conditions such as cooling method, sample thickness, 
scanning speed and repetition rate were determined. Four laser 
parameters were selected (A1, A2, B1, and B2), and further 
observation of ablation rate, temperature increase and ablation 
efficiency was conducted by preparing approximately 8 cavities with 
each parameter. The cavities were randomly distributed in the 
samples, meaning that a single sample could contain cavities 
prepared with different laser parameters.  
Sample thickness of 1 mm was preferred to the conduction 
these further studies, since results regarding temperature increase 
would supposedly assess the security of preparing deep cavities at 1-
mm distance to pulp.  Irradiation was conducted without cooling, 
since air-water spray reduced ablation rate significantly and 
compressed air led to variable values. 
The laser parameters selected included two wavelengths, 1045 
nm and 1064 nm, with two different pulse duration regimens, 
femtoseconds and picoseconds, respectively. For each wavelength, 
the highest laser output power was selected, as well as a middle 
power with which a combination of adequate ablation rate and mild 
temperature increase was obtained. Coincidently, output power 
selected for the picosecond-laser corresponded to approximately 10X 
the output powers selected for the femtosecond-laser. This fact 
enabled one to evaluate how wavelength influenced the ablation 
process, as well as the laser interaction with dental substrate at each 
pulse duration regimen. The laser parameters selected for the 
additional studies are presented in Chart 5.1. The same parameters 
were used for the analysis of composite resin adhesion to dentin by 
means of microtensile testing. 
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Chart 5.1 – Wavelengths, pulse durations, and irradiation parameters selected for the conduction of 
further studies regarding ablation rate, ablation efficiency temperature increase, and adhesion to dentin 
Wavelength 
(Radiation) 
Pulse 
duration 
Repetition 
rate  
[kHz] 
Power  
[W] 
Energy 
µJ/pulse] 
Fluence  
[J/cm²] 
Offset 
[µm] 
Repetitions 
Scanning 
speed 
[mm/s] 
A1 
1045 nm  
  500 fs 100 0.15 1.5 2.5 4 20 400 
A2 
1045 nm  
  500 fs 100 0.3 3 4.9 4 20 400 
B1 
1064 nm 
 10 ps 100 1.5 15 4 20 10 2000 
B2 
1064 nm 
 10 ps 100 2.9 29 7.6 20 10 2000 
 
 
Maximum surface scanning speed of 400 mm/s was selected for 
the fs-laser irradiation, whereas scanning speed of 2000 mm/s was 
used for ps-laser irradiation, as preliminary studies showed that no 
carbonization was observed at this speed, even with higher energy 
densities.  
The laser repetition rate was selected in a manner of avoiding 
excessive distance between each pulse and the presence of non-
irradiated areas, which would be observed when using low repetition 
rates at fast scanning speed. Likewise, high repetition rates would 
result in intense pulse overlapping, and therefore, in excessive 
temperature increase and carbonization. 
Temperature increase for each laser parameter is represented 
in Graph 5.9, for both enamel and dentin. Ablation rate and ablation 
efficiency are represented in Graph 5.10 and Graph 5.11, 
respectively. The detailed values presented in the figures are exposed 
in Table 5.1. 
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Graph 5.9 – Temperature increase was higher for enamel than dentin, with exception to ps-
laser with 2.9 W (B2), for which dentin values were higher. For all other parameters, 
temperature at the bottom of the 1-mm thick dentin sample did not achieve the critical value of 
5.6 ºC, at which pulp damage is observed (Zach & Cohen 1965)  
 
 
 
Graph 5.10– Ablation rates were higher for dentin, with all parameters tested. For the same 
wavelength and pulse duration, the values varied according to power output, with higher values 
for higher powers. 
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Graph 5.11 – Ablation efficiency (mm
3
/J) represents the volume of dental substrate ablated for a 
given energy. For fs-laser, the ablation efficiency did not vary with power, indicating that 
wavelength, pulse duration, and substrate are the most important aspects involved in ablation 
process. For ps-lasers, however, ablation efficiency varied with power, showing that it also plays 
a role in ablation process. Dentin was more efficiently ablated than enamel, with all parameters 
used, confirming that ps- and fs- lasers ablate dental substrates selectively. 
 
 
Table 5.1 – Temperature increase, ablation rate and ablation efficiency obtained for the laser 
parameters selected, for both enamel and dentin. 
Groups 
 
Temperature Increase 
[ ºC ] 
Ablation Rate 
[ µm/pulse ] 
Ablation Efficiency 
[ mm
3
/J ] 
(A1) 
0.15 W  
Enamel 4.5 0.48 0.017 
Dentin 3.1 0.94 0.034 
(A2) 
0.3 W  
Enamel 5.4 0.92 0.021 
Dentin 4.6 1.49 0.034 
(B1) 
1.5 W  
Enamel 6.1 0.16 0.004 
Dentin 3.7 0.85 0.022 
(B2) 
2.9 W  
Enamel 12.0 1.85 0.025 
Dentin 15.0 2.76 0.036 
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5.3 Adhesion to irradiated dentin 
 
 
The data obtained in the microtensile testing (MPa) were 
analyzed by two-way analysis of variance (ANOVA) and Tukey’s 
multiple comparisons test, at confidence level of 95%. Mean values, 
standard deviations, and coefficient of variation were calculated 
(Table 5.2). 
 
 
Table 5.2 – Microtensile bond strength values: mean (MPa), standard deviation, coefficient of 
variation (%)  
 
 
For a better illustration of microtensile bong strength values 
obtained for treatments and adhesive protocols used, the results 
were divided in two distinct Graphs. In Graph 5.12, microtensile bond 
strength values are presented for each surface treatment (Control, 
A1, A2, B1, and B2) with variation of adhesive protocols. In Graph 
5.13, microtensile bond strength values are presented for each 
adhesive protocol with variation of surface treatment.  
 
Clearfil SE Bond    
+ Primer 
Clearfil SE Bond    
- Primer 
Adper S. Bond 2    
+ Acid 
Adper S. Bond 2      
- Acid 
Control 
32.61 (2.97) 
9% 
32.32 (3.14) 
10% 
30.48 (5.14) 
17% 
5.71 (0.97) 
17% 
0.15 W 
36.11 (3.28) 
9% 
39.08 (14.36) 
37% 
45.82 (7.56) 
16% 
26.21 (5.59) 
21% 
0.3 W 
32.09 (1.04) 
3% 
54.10 (8.39) 
17% 
50.80 (8.09) 
16% 
31.84 (9.25) 
29% 
1.5W 
29.68 (5.97) 
20% 
51.67 (1.79) 
3% 
58.30 (12.09) 
21% 
43.82 (8.95) 
20% 
2.9 W 
37.51 (4.47) 
12% 
50.03 (10.68) 
21% 
43.94 (8.79) 
20% 
39.40 (9.79) 
25% 
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Graph 5.12 – Results of microtensile bond strength presented for each surface treatment with 
variation of adhesive protocols: mean values (bars) and standard deviations (error bars). 
Different letters within surface treatments indicate significant statistical difference in adhesive 
protocols. Letters do not indicate difference among surface treatments; these differences are 
presented in Graph 5.13. 
 
 
According to the microtensile bond strength values obtained for 
each surface treatment (Graph 5.12), non-irradiated samples 
(Control) presented similar results for conventional adhesive 
protocols (CL+P and SB+A), as well as for Clearfil SE Bond without 
previous application of Primer (CL-P) (p>0.05). These treatments 
values were significantly higher than Single Bond without acid etching 
(SB–A, p<0.0001 for all comparisons). 
For samples irradiated with fs-laser and 0.15 W, values of SB–A 
were statistically lower than CL–P and SB+A (p=0.03 and p=0.0004, 
respectively), but not from CL+P (p>0.05). These three latter 
treatments presented no difference among them (p>0.05). When fs-
laser with 0.3 W was used, values of CL-P and SB+A were 
significantly higher than CL+P (p=0.0001 and p=0.0008, 
respectively) and SB-A (p<0.0001 and p=0.0006, respectively), but 
were similar to each other (p>0.05). CL+P and SB-A presented no 
significant statistical difference between them (p>0.05). 
When samples were irradiated with ps-laser and 1.5 W, values 
of CL+P were significantly lower than CL-P (p=0.0001), SB+A 
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(p<0.0001), and SB-A (p=0.01). Bond values of SB+A were 
significantly higher than SB-A (p=0.01), but not different from CL-P 
(p>0.05). SB-A and CL-P were not statistically different (p>0.05). 
When ps-laser and 2.9 W was used, CL-P values were significantly 
higher than CL+P (p=0.03), but not different from SB+A and SB-A 
(p>0.05). These three latter treatments presented no significant 
statistical difference among them (p>0.05). 
 
 
 
 
 
Graph 5.13 – Results of microtensile bond strength presented for each adhesive protocol with 
variation of surface treatments: mean values (bars) and standard deviations (error bars). 
Different letters represent statistical significant difference. Different letters within surface 
treatments indicate significant statistical difference in adhesive protocols. Letters do not indicate 
difference among adhesive protocols; these differences are presented in Graph 5.12. 
 
 
Evaluation of the results of each adhesive protocol indicate that 
bond values of CL+P did not differ according to surface treatment 
(p>0.05). For all other protocols, the surface treatment influenced 
resin adhesion to dentin.  
When no primer was used for Clearfil SE Bond (CL-P), non-
irradiated samples presented similar values to 0.15 W (p>0.05), but 
significantly lower values than 0.3 W (p=0.0002), 1.5 W (p=0.0009), 
and 2.9 W (p=0.0035). This three latter presented no significant 
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statistical difference among them (p>0.05); however, because of the 
higher variation of values obtained for 0.15 W, it seemed numerically 
lower than these groups, but presented no statistical difference to 1.5 
W and 2.9 W (p>0.05), only to 0.3 W (p=0.01). 
The use of Adper Single Bond as recommended by the 
manufacturer, with previous acid etching of dentin surface (SB+A), 
resulted in lower bond values for control samples than for laser-
irradiated samples, with 0.15 W (p=0.009), 0.3 W (p=0.0004), 1.5 W 
(p<0.0001), and 2.9 W (p=0.04). Bond values seemed to increase 
according to output power, but there was no significant statistical 
difference among 0.15 W, 0.3 W and 1.5 W (p>0.05), despite the 
numerical variations. Bond values obtained for 2.9 W were 
significantly lower than 1.5 W (p=0.01), but had no statistical 
difference to 0.15 W and 0.3 W (p>0.05). 
When acid etching is not used previously to Single Bond (SB-A), 
control samples presented extremely lower values than all irradiated 
samples, with 0.15 W (p=0.0003), 0.3 W (p=0.0001), 1.5 W 
(p<0.0001), and 2.9 W (p=0.0001). The values of 0.15 W were 
significantly lower than 1.5W (p=0.002) and 2.9 W (p=0.04), but had 
no significant difference to 0.3 W (p>0.05). These three latter were 
not statistically different among them (p>0.05). 
The microtensile bond strength values obtained indicate that 
laser irradiation provided either similar or higher bond values than 
control group, for both conventional and modified application of 
adhesive systems. Because bond values varied considerably 
according to laser parameter and adhesive used, it is not possible to 
affirm that a specific adhesive system presented better results than 
another, or to select a single laser parameter for clinical trials. 
However, it is possible to affirm that Clearfil SE Bond without Primer 
(C-P) and Single Bond with acid etching (SB+A) always presented 
higher bond values, independently of surface treatment. For C+P and 
S-A, values were higher or lower according to surface treatment. 
Likewise, bond values of 0.3 W and 1.5 W were always among the 
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higher values, independently of adhesive system used, whereas 
values of 0.15 W and 2.9 W varied according to surface treatment. 
No pre-test failures of laser-irradiated samples were observed, 
whereas non-irradiated samples (Control) presented some pre-test 
failures for SB-A only (7 pre-test failures from a total of 45 samples). 
Control samples bonded with Single Bond without previous acid 
etching resulted in statistically lower values than all other adhesive 
protocols. Bond values for these samples were not included in the 
microtensile testing data. The fractured surfaces were observed, and 
the mixed mode of failure was the most frequent for all groups, with 
exception to the samples irradiates with 2.9 W and bonded with 
Clearfil without Primer, for which the cohesive failure in dentin was 
the most frequent mode. 
Adhesive interface between treated dentinal surface and 
composite resin was evaluated for each surface treatment according 
to adhesive protocol used are presented in Fig. 5.20 (control), Fig. 
5.21 (0.15 W), Fig. 5.22 (0.3 W), Fig. 5.23 (1.5 W), and Fig. 5.24 
(2.9 W). Resin tags for control group were almost not present for C-
P, and not present at all for SB-A. For other groups, it permeated the 
etched substrate and dentinal tubules thoroughly. For laser groups, 
resin tags were similar according to adhesive protocol used. C+P 
groups presented short and more even tags. For C-P groups, resin 
tags were longer and presented a considerable roughness in the 
areas that were in contact to the dentinal surface, indicating that 
those irregularities were permeated. In S+A groups, tags were long 
and show that even lateral conducts were infiltrated. S-A groups 
presented more irregularities due to surface morphology. 
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Fig. 5.20 - Adhesive interface of Control group at 1000X and 5000X magnification for Clearfil - 
Primer (A, B), Clearfil + Primer (C, D), Single Bond - Acid (E, F), and Single Bond + Acid (G, H). 
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Fig. 5.21 - Adhesive interface of 0.15 W group at 1000X and 5000X magnification for Clearfil - 
Primer (A, B), Clearfil + Primer (C, D), Single Bond - Acid (E, F), and Single Bond + Acid (G, H). 
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Fig. 5.22 - Adhesive interface of 0.3 W group at 1000X and 5000X magnification for Clearfil - 
Primer (A, B), Clearfil + Primer (C, D), Single Bond - Acid (E, F), and Single Bond + Acid (G, H). 
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Fig. 5.23 - Adhesive interface of 1.5 W group at 1000X and 5000X magnification for Clearfil - 
Primer (A, B), Clearfil + Primer (C, D), Single Bond - Acid (E, F), and Single Bond + Acid (G, H). 
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Fig. 5.24 - Adhesive interface of 2.9 W group at 1000X and 5000X magnification for Clearfil - 
Primer (A, B), Clearfil + Primer (C, D), Single Bond - Acid (E, F), and Single Bond + Acid (G, H). 
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6 DISCUSSION 
 
 
The voluptuous revolution towards restorative dentistry since 
the times of Black’s geometric cavities (1917) has landed in the era 
of esthetic adhesive restorations and minimally invasive approach, for 
which innovative techniques and advanced materials are constantly 
introduced (Peters & McLean 2001). These conservative techniques 
aim not only to remove carious dental substrate, but also to prepare 
cavity surfaces for adhesive restoration (Setien et al. 2001). Thus, 
the main objective of this study was to evaluate the possibility of 
introducing ultra-short pulsed lasers in Restorative Dentistry, in 
attempt to fulfill the basic requirements of adequate conservative 
restoration, by maintaining the well-known benefits of lasers for 
caries removal, but also overcoming disadvantages related to current 
laser sources available for this purpose, such as temperature increase 
and damaged adhesion to resin composite.  
The use of Er:YAG and Er,Cr:YSGG lasers for caries removal 
and cavity preparation has been exhaustively studied, and their use 
has been based in various advantages over conventional cavity 
drilling. One of the most important factors is the selective ablation of 
carious dental hard tissue, which contributes significantly to the 
conservative approach of restorative intervention (Li et al. 1992; 
Gimble et al. 1995). Likewise, less vibration or pain during caries 
removal and microbial reduction of remnant dental structures are 
related to dental ablation with erbium lasers, and the association of 
such beneficial aspects has called the attention of innumerous 
researches (Keller & Hibst 1989; Cozean et al. 1997; Dostalova et al. 
1998; Keller et al. 1998; Gouw-Soares et al. 2000; Tyas et al. 2000).  
Despite the unquestionable benefits of erbium lasers for caries 
removal, some disadvantages are still related to this technique, and 
this fact has resulted in its contra-indication by some authors 
(Cardoso et al. 2008). These negative factors rely mainly in the poor 
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adhesion to composite resin obtained after laser irradiation of 
dentinal surface. 
A study conducted by Van Meerbeek et al. (Van Meerbeek et al. 
2003) evaluated different techniques currently used for minimally 
invasive intervention. The authors evaluated bond strength of both 
self-etch and etch-and-rinse adhesive systems to surfaces prepared 
with mid-grit diamond-bur, 600-grit SiC-paper, diamond sono-
abrasion, air abrasion and Er:YAG laser irradiation. The microtensile 
testing values indicated that air-abraded and Er:YAG-irradiated 
enamel and dentin surfaces should be necessarily acid-etched before 
adhesive application. Diamond-sonoabraded and air-abraded enamel 
and dentin did not differ from conventional diamond-bur prepared 
surfaces; however, Er:YAG laser resulted in significantly lower bond 
values to dentin and enamel compared to bonding to conventional 
diamond-bur prepared surfaces, and this is thought to be caused by 
microcracks produced by temperature increase induced by laser.     
In order to evaluate the performance of ultra-short pulsed laser 
for cavity preparation, the present study assessed different 
wavelengths and pulse durations. The initial experiments aimed to 
assess the interaction of each wavelength with enamel and dentin, as 
well as to verify the existence of laser irradiation parameters able to 
associate effective cavity preparation with temperature increase and 
surface morphologies adequate to be introduced in dental clinics. 
Variation of laser parameters such as wavelength, surface 
scanning speed and repetition rate resulted in extremely different 
interactions with dental substrate, with temperature increase that 
varied from less than 5 ºC to more than 100 ºC, and surface 
morphology that wandered from a carbonized substrate to 
microretentive favorable surface morphology.  
An overview of wavelength influence on ablation process 
indicates that ultra-short pulsed lasers in the picosecond regime at 
355 nm and 532 nm provided extreme alteration of surface 
morphology, with deposition of ablated particles areas of melted and 
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solidified substrate. The dental tissue seemed to have been 
intensively altered in depth, resulting in a porous superficial layer. 
This fact could lead to a weakened dental structure that could be 
easily broken in the presence of chemical and mechanical factors 
within the oral environment. Moreover, numerous pores are observed 
in the surface of melted substrate, and these seem to have been 
formed by escaping of gases formed during substrate melting. These 
intense alterations on dental surface resulted in excessive 
temperature increase and in the presence of carbonization for 355-
nm ps-laser. Despite the absence of carbonization, 532-nm ps-laser 
also presented excessive alteration of surface morphology. Thus, 
wavelengths selected were 1045 and 1064 nm. At certain irradiation 
parameters, these laser sources provided a microretentive pattern on 
surface morphology, which is thought to improve bonding to adhesive 
restorations. Additionally, adequate parameters did not cause surface 
carbonization or intense melting, and the original substrate 
morphology was preserved for enamel and dentin. 
The surface scanning speed also influenced ablation process 
significantly. Slower speeds led to pulse overlapping, and therefore, 
carbonization and excessive temperature increase were observed. 
Thus, maximum scanning speed was selected for the conduction of 
adhesive testing (400 mm/s for 1045-nm fs-laser and 2000 mm/s for 
1064-nm ps-laser). 
All wavelengths and pulse durations tested provided a selective 
ablation of dental substrates. As presented in cavities profiles and 
ablation threshold values, ablation rates were higher for dentin than 
for enamel. This fact implies in the possibility of using a lower energy 
to selectively remove carious tissues or dentinal substrate. Differently 
from the selectivity observed by erbium lasers, for each ablation rates 
increase for substrates with higher water content because of laser 
affinity to water and hydroxyl ions, laser ablation with ultra-short 
pulsed laser does not depend on the quality of material ablated, but 
in its quantity (Kim et al. 2001). Thus, carious substrates present less 
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density than dentinal substrates, which also present less density than 
enamel substrate. Thus, lower material quantity requires less energy 
to have its molecular binding ruptured by laser energy and be 
ablated. For highly dense and mineralized substrates such as enamel, 
higher energy is required for ablation to occur. This selectivity was 
also observed within the same substrate, and seemed to be caused 
by the presence of variable characteristics of different areas of a 
same sample. Ablation of enamel was higher near the interface to 
dentin, whereas ablation of dentin was higher the closer it was to the 
center of the sample, probably because tubules opening are wider in 
this area, and substrate density is lower. 
The evaluation of samples thickness indicates that 2-mm thick 
samples present deeper cavities in comparison to 1-mm ones. This 
can be attributed to the heat distribution through the sample. The 
heat in samples with 1-mm thickness propagated the side, because of 
the limited thickness, leading to wider cavities, whereas 2-mm thick 
samples allowed heat distribution in depth, resulting in the deeper 
cavities observed. 
The use of cooling during irradiation was not considered when 
testing bonding to dentin, since the preliminary studies showed that 
air-water spray provoked intense variation of ablation rate, and 
compressed air did not reduce temperature significantly. Moreover, 
when the selected parameters were further evaluated, temperatures 
remained low for all parameters analyzes, confirming that an 
additional cooling system for ultra-short pulsed lasers is not 
necessary. 
The further evaluation of the selected parameters in Phase 2 
indicated that all parameters tested provoked temperature increase 
of up to 6.1 ºC for enamel and 4.6 ºC for dentin, when temperature 
increase was measured at the back side of 1-mm thick samples 
without cooling during irradiation, except for higher power for ps-
laser, for which temperature increased up to 12 ºC for enamel and 15 
ºC for dentin. Ablation rates were higher for dentin than for enamel 
79 
 
 
with all parameters tested and increased with power within same 
pulse duration. Ablation efficiency behaved according to pulse 
duration. For fs-laser, no variation was observed for dentin and for 
enamel, independently from power used. For ps-laser, ablation 
efficiency increased with power, for both dentin and enamel. 
Adequate adhesion to dental substrate is mandatory when aiming at 
reliable and long-lasting restorative treatment. Any failure within the 
adhesive interface can allow the infiltration of bacteria and its 
products, as well as oral fluids in the spaces between dental substrate 
and restoration. This fact is of extreme concern, since recurrent 
decay can occur, likewise hypersensitivity and pulpal inflamation (Van 
Meerbeek et al. 2005). Since adhesion to dental substrate is the basis 
of the modern dentistry, unmeasurable efforts are directed to better 
understand of the processes involved in bonding to dentinal 
substrate. Recent studies have been directed to reproduce the 
molecules interaction within adhesive interface in 3D digital 
modelling. Likewise, the constant attempt to improve current 
adhesive mechanisms resulted in the development of innumerous 
adhesive systems, with the most variable components and ligant 
capabilities. All these efforts can be summarized in one main 
objective of overcoming the weaknesses of adhesion to dentinal 
substrate. Adhesion to enamel has been quite predictable and 
satisfactory since the introduction of the acid-etching technique. 
Adversely, adhesion to conditioned dentin has not reached its ideal 
condition yet. Etch-and-rinse adhesive systems rely in the technique 
sensitivity of obtaining adequate wettability of dentinal surface in 
order to avoid collapse of the collagen network or excess of water. 
Different adhesives containing various components and solvents have 
been introduced, but this issue is still not solved. Even the self-
etching systems, which were developed in order to exclude the 
problem of excessive or insufficient moist dentin of conditioned 
dentin, have presented problems related to insufficient permeation of 
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exposed collagen network, or even to permeabiliy of adhesive layer 
due to the primer’s hydrophilicity.  
As recently reported by (Spencer et al.), hybrid layer is 
considered the weak link in the adhesive/dentin bonding. Various 
studies were conducted with the aim of assessing bonding to dentinal 
surface without hybridization. This technique is based on the 
application of chemical substances able to remove the organic portion 
of the dentinal surface, in attempt to obtained a more effective 
adhesion based in micromechanical retention. Besides being not 
conclusive and presenting variable results, this technique requires 
more clinical steps, or even the use of substances of high toxicity. 
The microtensile testing has been recently prefered for the 
analysis of adhesion effectiveness, as the reduced area of specimens 
and the peculiar test dinamics result in less probability of including 
any defect within the minimized interface area and better distribution 
of tensions in adhesive interface (Sano et al. 1994). It has been 
mentioned that less cohesive failures of adhesive interface could be 
expected, since these result from an error in the alignment of the 
specimen in relation to the long axis of the testing device (Sano et al. 
1994; Cho & Dickens 2004), or due to the introduction of microcracks 
during sample’s preparation (Sadek et al. 2006).  Therefore, bond 
values of both pre-test and cohesive failures (in resin or dentin) are 
not to be included in the general data, since it does not represent 
bond strength values specifically (Cho & Dickens 2004). However, 
recent studies have shown that cohesive failures do not occur 
exclusively because of test errors, but also in the presence of a 
weakened structure produced by some surface treatments or 
according to the characteristics of the substrate tested, such as 
dentin depth (Inoue et al. 2003). Thus, cohesive failures values were 
not excluded in the present study, since it could be a signal of 
substrate weakening by laser irradiation. Indeed, a previous study 
conducted for the evaluation of resin adhesion to Er:YAG-irradiated 
dentin showed that cohesive failures in dentin were frequent for 
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laser-treated group, since the excessive increase of temperature 
resulted in alterations and microcracks in subsuperficial dentin. This 
study demostrated that Er:YAG and Er,Cr:YSGG laser influenced 
adhesion negatively (Moretto et al. 2010). In the present study, 
cohesive failures were presented in samples irradiated with 2.9 W 
only, and represented 40% of the total failures observed.  
The microtensile bond strength values obtained indicate that 
dentinal irradiation with ultra-short pulsed lasers provided either 
similar or higher bond values than control groups, for both 
conventional and modified application of adhesive systems. Because 
bond values varied considerably according to laser parameter and 
adhesive used, it is not possible to affirm that a specific adhesive 
system presented better results than another, or to select a single 
laser parameter for clinical trials. However, it is possible to affirm that 
Clearfil SE Bond without Primer (C-P) and Single Bond with acid 
etching (SB+A) always presented higher bond values, independently 
of surface treatment. For the two other groups, C+P and S-A, values 
were higher or lower according to surface treatment. Likewise, bond 
values of 0.3 W and 1.5 W were always among the higher values, 
independently of adhesive system used, whereas values of 0.15 W 
and 2.9 W varied according to surface treatment. 
For non-irradiated control group, conventional adhesive 
protocols presented bond values in accordance to the literature (Sarr 
et al.). The adhesive interface observed also corroborated with 
previously described, with shorter resin tags for Clearfil SE Bond 
system and longer resin tags for acid etched surfaces bonded with 
Single Bond. For control group, there was no significant different 
between bond values for Clearfil SE Bond and Single Bond used 
according to manufacturer. As already reported in the literature, the 
length of resin tags does not influence bond resistance, so that higher 
bond values can sometimes be observed for Clearfil SE Bond 
(Lohbauer et al. 2008). 
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Surprisingly, non-irradiated control samples bonded without the 
use of Primer before Clearfil SE Bond, and presented as high bond 
values as those observed for samples previously primed. As Clearfil 
SE Bond was applied on smear-layer-covered dentinal surface, the 
Bond seemed to have acted on smear-layer dissolution. This fact is 
noticeable when observing the resin tags length obtained for C-P 
control group, which are longer than those obtained when the Primer 
is previously applied.  
When the Primer is applied on dentinal surface, it removes 
minerals of dentinal structure and permeates through the collagen 
network exposed, and is directly polymerized. Resin tags are 
therefore determined by the depth of dentin conditioned by Primer, 
as well as by the extension of its permeation through dentinal 
substrate. The Bond is later aplied and directly linked to primer, 
having no significant influence on dentinal structure. Thus, the key of 
bonding with self-etch adhesives is the Primer, which bivalent 
characteristics enables it to hybridazes dentin through hydrophilic 
aspects, and links it to Bond through hydrphobic aspects. When the 
Primer was not used for C-P groups, the Bond was applied directly on 
smear layer. Even though, it was capable of permeating dentinal 
substrate deeper than Primer, which can be noticed by the longer 
resin tags produced. It is inferred that chemical characteristics of 
Bond composition may be responsible for its interaction with smear 
layer and dentin, so that the smear layer does no longer damage 
bonding and similar values as that obtained by hybridization with 
application of Primer are obtained. The possibility of Bond 
composition containing any acid substance capable of etching the 
dentinal surface and forming a light hybridization is unknown, and 
therefore, further studies of the adhesive interface with trasnmission 
electron microscopy have to be conducted to confirm this hypothesis. 
The absence of hybridization by directly applying Clearfil Bond 
to dentinal unetched surface indenpendently of the presence of smear 
layer is also an acceptable hypothesis. Besides micro-mechanical 
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interlocking through hybrid-layer formation, self-etch adhesives have 
been shown to benefit from chemical interaction between the MDP 
present in Primer and residual hydroxyapatite of etched dentin. Thus, 
self-etch adhesives with mild Primers are responsible for lightly 
etching dentinal substrate, leaving residual hydroxyapatite in the 
collagen network that bonds to MDP in Primer composition. According 
to the contents of Clearfil SE Bond System, the Bond also contains 
MDP. Thus, the high bond values observed when the Bond was used 
directly on unetched dentin may result from this interaction between 
MDP and hydroxiapatite. This could represent the exclusion of a 
clinical step for adhesive procedures, and the problems related to 
adhesion to dentinal substrate since the introduction of acid etching 
by Buonocuore could have a potential solution, because in the 
absence of collagen exposure, there is no risk of incomplete 
permeation of collagen network and gaps formation, nor of collapse 
of collagen fibrills because of excessive drying. However, the 
evaluation of a long-term study would be required in order to 
evaluate the duration of the adhesive interface produced. This fact is 
of extreme importance, since curiously, there is no report in the 
literature regarding the use of Clearfil SE Bond without the previous 
application of Primer, in a manner that this adhesive system was 
developed to be used in this way, and the effect of Bond alone on 
dentinal substrate is unknown. 
Since the use of Single Bond on unetched dentinal surface 
presented extremely low bond values, the high values of Clearfil 
without Primer are thought to be related to the MDP in its 
composition, which is not present in Single Bond. The adhesive 
interface observed for S-A group in non-irradiated sampled indicate 
the absence of interaction between adhesive and smear-layer-
covered substrate. There was no penetration of bond in dentinal 
tubules, and the detachment of adhesive interface can be observed. 
When the bond was applied without primer on irradiated 
surfaces free of smear layer, the adhesion was enhanced, probably 
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because of the extremely rough surface produced by the laser. In this 
case, adhesion resulted from the chemical factor of MDP in adhesive 
systems, as observed in the control group without laser, plus the 
mechanical interlocking produced by penetration of the adhesive in 
the irregularities of the surface. In fact, where these two factors are 
present, the values are higher that when only the chemical factor of 
adhesive was present (control group). The exception was the 0.15 W 
group, that did not differ from the control or the ps-laser irradiation 
with 1.5 W and 2.9 W. Possibly, the low energy was not enough to 
cause adequate roughness, resulting in variable bond values indicated 
by the high standard deviation. Thus, this group may possibly present 
areas that were sometimes similar to control group, and sometimes 
similar to laser-irradiated pattern. The adhesive interface should be 
studied to ascertain, as mentioned above, if there was hybridization 
of the surface, or chemical interaction between molecules only. In the 
absence of hybridization, the adhesion mechanism would be similar to 
that obtained in the enamel, when high bond values are obtained 
through mechanical interlocking. 
When the Single Bond was used without previous acid 
conditioning, the mechanical interlocking seems to have been the 
only mechanism of adhesion. The control group, in which adhesive 
was applied on smear layer, showed very low adhesion, significantly 
lower than groups treated with laser. The groups treated with fs-laser 
presented similar results, but 0.3 W was numerically greater than 
0.15 W, indicating a trend to greater adherence related to the 
increased roughness.  
The microtensile bond strength values obtained when using 
ultra-short pulsed lasers at either picosecond or femtosecond regimes 
resulted in a microretentive morphological pattern that dispensed 
previous etching, for both etch-and-rinse and self-etching adhesive 
systems. This unexpected and fascinating outcomes enable one to 
idealize not only an approximation to the solution for the exhaustive 
problem of adhesion to conditioned dentin, but also the possible 
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introduction of a definitively innovative and reliable technique for 
comfortable and conservative treatment of carious substrate. Despite 
extreme, this expectations are supported by the inedit results 
regarding adhesion to laser-treated dentin, for each the literature 
until now presented either similiar or worst bonding compared to 
conventional diamond-bur prepared surfaces. This study represents a 
tiny part of the whole aspects that have to be studied before this 
could be turned into a clinical reality. Further studies for the 
evaluation of the long-term duration of adhesion have to be 
conducted, as well as the analysis of laser effects in substrates 
properties and their infinite implications in vivo. Moreover, the 
adaptation of laser sources in handpieces in a manner of enabling its 
intraoral application is yet to be accomplished, and should consider 
the financial and cost/benefit aspects in order to become 
commercially viable to dentist in general. 
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7 CONCLUSIONS 
 
 
Based on the results of this study, ultra-short pulsed lasers 
presented favorable results for cavity preparation in dentin and 
enamel regarding surface morphology and temperature increase. 
Adhesion to irradiated dentin was either similar or superior to 
traditional techniques. Thus, ultra-short pulsed lasers are considered 
a promising technique for the promotion of laser-supported minimally 
invasive approach. 
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ABSTRACT 
 
The advance of restorative dentistry has landed in the era of esthetic 
adhesive restorations and minimally invasive approach, for which 
innovative techniques and advanced materials are constantly 
introduced. Conservative techniques aim not only to remove carious 
dental substrate, but also to prepare cavity surfaces for adhesive 
restoration. The main objective of this study was to evaluate the 
possibility of introducing ultra-short pulsed lasers in Restorative 
Dentistry, in attempt to fulfill the basic requirements of adequate 
conservative restoration, by maintaining the well-known benefits of 
lasers for caries removal, but also overcoming disadvantages related 
to current laser sources available for this purpose, such as 
temperature increase and damaged adhesion to resin composite. In 
order to better evaluate the interaction between ultra-short pulsed 
lasers and dental substrates, experimental procedures were divided in 
three phases. Phase 1 aimed to evaluate the effect of different 
wavelengths (355 nm, 532 nm, 104 nm, and 1064 nm), pulse 
durations (pico and femtoseconds) and irradiation protocols (surface 
scanning speed, sample thickness, cooling method, pulse repetition 
rate) on enamel and dentin. For Phase 2, laser parameters with most 
favorable results in Phase 1 were evaluated to relate temperature 
increase to ablation rate or ablation efficiency. Phase 3 aimed to 
analyze adhesive interface and microtensile bond strength to dentin 
irradiated with the selected parameters by using etch-and-rinse and 
self-etch adhesive systems with different bonding protocols (Clearfil 
SE Bond with and without Primer, Adper Single Bond with and 
without acid etching). The results of Phase 1 indicate that dentin and 
enamel irradiated with 1045-nm fs-laser and 1064-nm ps-laser 
present a rough surface without carbonization. Irradiation should be 
conducted with higher scanning speed, and no additional cooling 
during irradiation was necessary. All parameters provided selective 
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tissue ablation, with higher ablations rate for dentin than enamel. 
Phase 2 indicated that all parameters tested provoked temperature 
increase of up to 6.1 ºC for enamel and 4.6 ºC for dentin, when 
temperature increase was measured at the back side of 1-mm thick 
samples without cooling during irradiation, except for higher power 
for ps-laser, for which temperature increased up to 12 ºC for enamel 
and 15 ºC for dentin. Microtensile bond strength values varied 
according to laser parameters and adhesive systems used. Adhesion 
to dentin irradiated with ultra-short pulsed lasers resulted in similar 
or significantly higher bond strength values than control groups, for 
all laser parameters analyzed. Based on the results of this study, 
ultra-short pulsed lasers presented favorable results for cavity 
preparation in dentin and enamel regarding surface morphology and 
temperature increase. Adhesion to irradiated dentin was either similar 
or superior to traditional techniques. Thus, ultra-short pulsed lasers 
are considered a promising technique for the promotion of laser-
supported minimally invasive approach. 
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ZUSAMMENFASSUNG 
 
 
Die restaurative Zahnheilkunde ist in die Ära der ästhetischen 
adhäsiven Restauration und des minimalinvasiven Ansatzes 
vorgedrungen und neue innovative Techniken und fortschrittliche 
Materialien werden ständig vorgestellt. Konservative Methoden zielen 
nicht nur darauf ab kariöses Zahnsubstrat zu entfernen, sondern auch 
Kavitätsflächen zur Adhäsivrestauration vorzubereiten. Das Hauptziel 
dieser Studie war, die Möglichkeit der Einführung von Ultrakurzpuls-
Lasern in die restaurative Zahnheilkunde zu bewerten, beim Versuch 
die grundlegenden Anforderungen an eine ausreichend konservative 
Restaurierung zu erfüllen, nicht nur unter Beibehaltung der 
bekannten Vorteile von Lasern für die Kariesentfernung, sondern 
auch zur Überwindung der Nachteile im Zusammenhang mit 
derzeitigen Laserquellen für diese Anwendung, wie z.B. 
Temperaturerhöhung und beschädigte Kompositadhäsion. Zur 
besseren Beurteilung der Wechselwirkung zwischen Ultrakurzpuls-
Lasern und zahnärztlichen Substraten, wurden die experimentellen 
Verfahren in drei Phasen unterteilt. Phase 1 sollte die Auswirkung der 
verschiedenen Wellenlängen (355 nm, 532 nm, 104 nm und 1064 
nm), Pulsdauer (Pico-und Femtosekunden) und 
Bestrahlungsprotokolle (Scan-Geschwindigkeit, Probendicke, Kühlung, 
Pulswiederholungsrate) auf Schmelz und Dentin bewerten. Für Phase 
2 wurden die Laserparameter mit den vielversprechendsten 
Ergebnissen in Phase 1 ausgewertet, bezogen auf 
Temperaturerhöhung, Abtragsrate oder Abtragseffizienz. Phase 3 
zielte darauf ab die Adhäsivschnittstelle und Abzugsfestigkeit des mit 
den ausgewählten Paramatern bestrahltem Dentin unter Einsatz von 
„Etch-and-Rinse“ und „Self-Etch“-Adhäsivsystemen mit 
unterschiedlichen Bonding-Protokollen (Clearfil SE Bond mit und ohne 
Primer, Adper Single Bond mit und ohne Säureätzung). Die 
Ergebnisse der Phase 1 zeigen, dass mit 1045-nm fs-Laser und 1064-
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nm ps-Laser bestrahltes Dentin und Schmelz eine raue, unverbrannte 
Oberfläche aufweisen. Die Bestrahlung sollte mit hoher Scan-
Geschwindigkeit ohne zusätzliche Kühlung durchgeführt werden. Alle 
Parameterkonfigurationen ermöglichten selektive Gewebeablation, bei 
höherer Ablation für Dentin als für Schmelz. Phase 2 zeigte, dass alle 
getesteten Parameter einen Temperaturanstieg von bis zu 6,1 ºC für 
Schmelz und 4,6 º C für Dentin auslösen, wenn die 
Temperaturerhöhung auf der Rückseite einer 1 mm dicken Proben 
während der ungekühlten Bestrahlung gemessen wurde, mit 
Ausnahme von Hochleistungs-ps-Lasern, für die sich die Temperatur 
bis zu 12 ºC für Schmelz und 15 ºC für Dentin erhöhte. Die Werte für 
die Abzugsfestigkeit variierten je nach Laserparameter und 
verwendetem Adhäsiv. Für alle untersuchten Laserparameter führte  
die Bestrahlung mit Ultrakurzpuls-Lasern zu ähnlichen oder deutlich 
höhreren Festigkeitswerten bei der Adhäsion zu Dentin als die 
Kontrollgruppen. Die Ergebnisse dieser Studie zugrundelegenden, 
bieten Ultrakurzpuls-Laser positive Ergebnisse für die 
Kavitätenpräparation in Dentin und Schmelz bezüglich 
Oberflächenmorphologie und Temperaturerhöhung. Die Adhäsion am 
bestrahlten Dentin war entweder ähnlich oder besser als bei 
traditionellen Techniken. Somit sind Ultrakurzpuls-Laser als eine 
vielversprechende Technik zur Förderung des laserunterstützten 
minimalinvasiven Ansatz zu betrachten. 
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